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FOREWORD 


This  report  contains  the  results  of  a  research  effort  conducted  by  the 
Federal  Highway  Administration,  through  Delon  Hampton  §  Associates, 
chartered,  to  make  an  in-depth  evaluation  of  in  situ  site  investigation 
techniques  that  are  applicable  to  the  design  and  construction  of  tunnels. 

This  is  the  second  of  four  volumes.  Volume  I  is  published  as  FHWA/RD-80/ 
012,  subtitle:  Site  Exploration  Technique.  Volume  III  is  published  as 
FHWA/RD- 80/014,  subtitle:  Tunnel  Design  and  Construction.  Volume  IV  is 
published  as  FHWA/RD- 80/080,  subtitle:  Case  Studies. 

This  report  presents  general  methodologies  for  site  investigation  that 
are  applicable  and  advantageous  for  the  planning,  design,  and  construc- 
tion of  highway  tunnels.  Also,  discussed  in  detail  are  the  commonly 
used  sampling  methods  utilizing  boreholes  and  large  openings  i.e.,  shafts, 
test  pits,  and  pilot  bores.  Presented  also  are  the  in  situ  techniques 
for  the  measurement  of  soil  and  rock  properties  by  geophysical  methods 
and  by  large  scale  testing  and  monitoring.  Also  discussed  are  the  classi- 
fication systems  and  correlations  of  soil  and  rock  properties  as  related 
to  the  design  and  construction  of  underground  structures. 

This  report  should  serve  the  needs  of  geotechnical ,  structural,  and  civil 
engineers  who  are  planning,  designing  or  thinking  to  construct  an  under- 
ground structure. 

Copies  of  the  report  are  being  distributed  by  FHWA  transmittal  memorandum. 
Additional  copies  may  be  obtained  from  the  National  Technical  Information 
Service,  5285  Port  Royal  Road,  Springfield,  Virginia  22161. 


Charles  F.  Scheffey 
Director,  Office  of  Research 
Federal  Highway  Administration 


NOTICE 


This  document  is  disseminated  under  the  sponsorship  of  the 
Department  of  Transportation  in  the  interest  of  information 
exchange.  The  United  States  Government  assumes  no  liability 
for  its  contents  or  use  thereof. 

The  contents  of  this  report  reflect  the  views  of  Delon  Hampton 
&  Associates,  Chartered,  which  is  responsible  for  the  facts  and 
the  accuracy  of  the  data  presented  herein.  The  contents  do  not 
necessarily  reflect  the  official  view  or  policy  of  the 
Department  of  Transportation  or  Delon  Hampton  and 
Associates'  consultants. 

This  report  does  not  constitute  a  standard,  specification,  or 
regulation. 
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PREFACE 

The  objective  of  this  research  is  to  contribute  to  the  development  of  a  tech- 
nologically sound  and  economically  feasible  solution  to  the  problem  of  obtaining  better 
and  more  accurate  predictions  of  geologic  conditions  and  numerical  characterization  of 
ground  properties  for  engineering  application  in  tunnel  design  and  construction. 

This  document  is  the  second  in  a  series  reporting  the  results  of  findings  under 
subject  contract.  In  particular,  this  is  Volume  2,  which  considers  in  situ  testing 
techniques,  and  concludes  work  under  Phase  I  of  subject  contract.  This  volume  also 
includes  a  summary  of  classification  systems  and  correlations  which  are  applicable  to 
underground  design  and  construction. 

Volume  1  (Peck,  et  al.,  1980)  is  devoted  to  the  philosophy  and  approach  to  site 
investigation  for  the  design  and  construction  of  tunnels. 

Phase  2  will  report  a  review  of  criteria  used  in  design  and  analysis  of  transportation 
tunnels  in  both  soft  ground  and  rock,  and  correlations  made  of  parameters  identified  as 
economically  feasible  and  technologically  sound  information  obtainable  from  the  geologic 
and  engineering  site  investigations. 

Phase  3  will  report  the  development  of  optimum  criteria  for  the  use  of  site 
exploration  parameters  in  transportation  tunnel  design  and  analysis,  and  a  correlation  of 
the  accuracy  of  the  site  exploration  data  with  the  sensitivity  of  construction  and  design  to 
these  data.  This  will  include  case  studies. 

Project  personnel  have  been  the  following: 

Principal  Investigator; 

Delon  Hampton,  Ph.D.,  P.E.  —  DHA 

Project  Engineers; 

John  P.  Black  -  DHA 

Randall  J.  Essex  —  STRAAM  Engineers 

3.  Scott  Jin,  Ph.D.,  P.E.  —  DHA 

Cheryl  T.  Machnich,  P.E.  —  DHA 

Norman  T.  Ng-A-Qui,  Ph.D.  —  DHA 
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Board  of  Consultants: 

T.  L.  Brekke,  Ph.D.,  Professor  of  Geological  Engineering, 
University  of  California,  Berkeley,  California 

A.  P.  Chase,  P.E.,  Executive  Vice  President,  STRAAM  Engineers, 
Inc. 

G.  W.  Clough,  Ph.D.,  Professor  of  Civil  Engineering,  Stanford 
University,  Stanford,  California 

3.  P.  Gould,  Ph.D.,  P.E.,  Partner,  Meuser,  Rutledge,  Johnston 
and  Desimone,  New  York,  New  York 

T.  G.  McCusker,  Tunneling  Consultant,  Wayne,  New  Jersey 

R.  B.  Peck,  Ph.D.,  P.E.,  Consultant,  Albuquerque,  New  Mexico 


TABLE  OF  CONTENTS 


PAGE 


1.0        Introduction 


1.1  Background  and  Objectives  1 

1.2  Scope  1 

1.3  Terminology  1 

1.4  Design  and  Construction  Problems  2 

2.0       Site  Investigation  6 

2.1  General  Approach  6 

2.1.1  Office  Review  6 

2.1.2  Field  Review  and  Preliminary  Exploration  6 

2.1.3  Preliminary  Geotechnical  Report  6 

2.2  Transition  Materials  7 

2.2.1  Introduction  7 

2.2.2  Purpose  7 

2.3  Drilling  and  Sampling  Methods  7 

2.3.1  Borehole  Methods  in  Soil  8 

2.3.2  Borehole  Methods  in  Rock  10 

2.3.2.1  General  10 

2.3.2.2  Core  Orientation  12 

2.3.3  The  Profile  of  Weathering  16 

2.3.4  Borehole  Methods  in  Transition  Materials  20 

2.3.5  Large  Openings  22 

3.0        In  Situ  Site  Investigation  Techniques  23 

3.1  Introduction  23 

3.2  Borehole  Techniques  in  Soil  23 

3.2.1  Standard  Penetration  Test  23 

3.2.2  Cone  Penetrometer  28 

3.2.3  Pressuremeter  35 

3.2.4  Vane  Shear  41 

3.2.5  Borehole  Shear  41 

3.2.6  Hydraulic  Fracture  57 

3.2.7  Permeability  Tests  in  Soil  50 

3.2.7.1  Variable  Head  Tests  50 

3.2.7.2  Constant  Head  Tests  60 

vi 


TABLE  OF  CONTENTS  (Continued) 


3.3.6.2  Borehole  Jack 

3.3.6.3  Borehole  Penetrometer 


PAGE 


3.2.7.3  Pump  Tests  60 

3.2.7.4  Piezometer  Probe  62 

3.2.8  Piezometers  62 

3.2.8.1  Open  Standpipe  Piezometer  65 

3.2.8.2  Porous  Tube  Piezometer  65 

3.2.8.3  Pneumatic  Piezometer  66 

3.2.8.4  Electrical  Piezometer  66 

3.2.9  Combined  Probes  72 

3.2.9.1  Piezometer  and  Penetrometer  72 

3.2.9.2  Piezometer  and  Permeability  72 

3.3        Borehole  Techniques  in  Rock  72 

3.3.1  Permeability  Tests  in  Rock  72 

3.3.2  Cable  Jack  Test  74 

3.3.3  Stress-Relief  Methods  78 

3.3.3.1  Deformation  Methods  78 

3.3.3.2  Strain  Methods  81 

3.3.4  Borehole  Camera  81 

3.3.5  Hydraulic  Fracture  83 

3.3.6  Borehole  Dilatometers,  Borehole  Jacks, 

and  Borehole  Penetrometers  84 

3.3.6.1     Borehole  Dilatometers  84 

88 

89 
89 


3.3.7    Caliper 

3.4  Borehole  Techniques  In  Transition  Materials  89 

3.5  Geophysical  Methods  91 
3.5.1     Surf  ace  Geophysical  Methods  91 

3.5.1.1  Seismic  91 

3.5.1.2  Resistivity  93 

3.5.1.3  Magnetic  and  Gravity  93 

3.5.1.4  Advantages  and  Limitations  95 


vn 


TABLE  OF  CONTENTS  (Continued) 


PAGE 


3.5.2    Borehole  Geophysical  Methods 

3.5.2 .1  General 

3.5.2.2  Acoustic  Methods 

3.6       Large-Scale  Testing 

3.6.1  Plate  Bearing  Tests 

3.6.2  Direct  Shear  Tests 

3.6.3  Monitoring  of  Pilot  Bores 

3.6.3.1  Flat  Jack 

3.6.3.2  Extensometers 

4.0       Classification  Systems 

4.1  Introduction 

4.2  Classification  of  Geologic  Materials 

4.2.1  Soil  and  Rock 

4.2.2  -Transition  Materials 

4.3  Classification  Systems  in  Design  and  Construction 

4.4  A  Review  of  Rock  Classification  Methods  and  Their 
Application  to  the  Design  of  Primary  Tunnel  Supports 

4.4.1  Terzaghi 

4.4.2  Deere,  et  al. 

4.4.3  Cecil 

4.4.4  Ikeda 

4.4.,5  Jacobs'  Rock  Structure  Rating 

4.4.6  Bieniawski 

4.4.7  Barton,  Lien  <5c  Lunde 

4.4.8  Lombardi 

4.5  Comparison  and  Evaluation 

4.5.1  Rock  Quality  Designation  (RQD) 

4.5.2  Excavation  Method 

4.5.3  Initial  Stress  Field 

4.5.4  Availability  of  Information 

4.5.5  Human  Factors 

4.6  Conclusions 


95 

95 
96 

97 

97 
98 
99 

99 

101 

104 

104 
104 

104 
110 

111 


111 

114 
114 
116 
120 
120 
126 
131 
141 

150 

150 
153 
153 
153 
153 

154 


Vlll 


TABLE  OF  CONTENTS  (Continued) 


PAGE 


5.0       Correlations  155 

5.1  Introduction  155 

5.2  Development  of  a  Workable  Correlation  155 

5.3  Classification  of  Correlations  155 

5.4  Significance  of  Correlations  158 

6.0       Trade-Offs  in  the  Evaluation  of  Parameters  159 

6.1  Significance  of  Parameters  159 

6.2  Trade-Offs  159 

6.3  Conclusions  172 

7.0       Conclusions  and  Recommendations  173 

7.1  Conclusions  173 

7.1.1  In  Situ  Investigation  Techniques  173 

7.1.2  Classification  Systems  173 

7.1.3  Correlations  173 

7.1.4  Trade-Offs  174 

7.2  Areas  of  Deficiency  174 

7.3  Recommendations  174 

7.3.1  In  Situ  Investigation  Techniques  174 

7.3.2  Classification  Systems  175 

7.3.3  Instrumentation  175 

APPENDIX  A  -  Classification  of  Soil  and  Rock  196 

APPENDIX  B  —  Summary  of  Borehole  Geophysical  Techniques  222 

APPENDIX  C  —  Summary  of  Surface  Geophysical  Techniques  242 

APPENDIX  D  —  Correlations  258 


IX 


LIST  OF  TABLES 

Table  Title 

No.  Page 

1  Design  and  Construction  Problems  of  Mined 

Tunnels  3 

2  Description  of  a  Weathering  Profile  for  Igneous 

and  Metamorphic  Rocks  21 

3  Summary  of  Field  Subsurface  Investigation 

Techniques  Considered  in  This  Study  24 

4  Abridged  Summary  of  Significant  Works  -  Standard 

Penetration  Test:  Analysis  and  Evaluation  26 

5  Assessment  of  the  Relative  Effect  of  Variables 

In  Standard  Penetration  Test  27 

6  Overview  of  Cone  Penetrometer  Testing  29 

7  Factors  Influencing  Cone  Penetrometer 

Test  31 

8  'Soil  Properties  Correlated  with  Cone 

Penetration  Data  33 

9  Significant  Factors  and  the  Variations  Among 
Conventional  Ways  of  Determining  Parameters 

and  Cone  Penetration  Techniques  34 

10  Pressuremeter  Test  Interpretation  and 

Application  Summary  38 

11  Representative  Theoretical,  Field  and  Laboratory 

Parametric  Studies  on  the  Pressuremeter  Test  39 

12  Relative  Effect  of  Factors  on  Parameters 

(Pressuremeter  Test)  40 

13  Factors  Influencing  the  Vane  Shear  Test  43 

14  Borehole  Shear  Test  -  Relative  Effect  of 

Factor  on  Measured  Properties  45 

15  Representative  References  on 

Hydraulic  Fracture  49 

16  Assessment  of  Factors  Influencing  Results 

Obtained  by  Hydraulic  Fracture  51 


LIST  OF  TABLES 


Table  Title 

No. 


Page 


17  Field  Permeability  Tests  52 

18  Permeability  Testing:  Relative  Effect 

of  Factors  on  Properties  53 

19  Some  Basic  Assumptions  and  References 

on  Permeability  54 

20  A  Summary  of  Methods  and  Assessment  of 
Hydraulic  Characteristics  of  Subsurface 

Materials  55 

21  Determination  of  Hydraulic  Characteristics 

In  Tunneling  58 

22  References  for  Constant  Discharge  Test  61 

23  Factors  Influencing  Pore  Pressure  Development 
and  Measurements  in  the  Piezometer  Probe 

and  Their  Relative  Significance  64 

24  Devices  for  Measuring  Rock  Deformability 

in  Boreholes  85 

25  Load  Coefficient,  m  98 

26  Categorization  of  Engineering  Soils 

Classification  Systems  106 

27  Categories  of  Engineering  Rock 

Classifications  Systems  109 

28  Categorization  of  Systems  Available  for  Use 

with  Transition  Materials  112 

29  Classification  Systems  in  Design  of  Tunnels  113 

30  Classification  Systems  in  Construction  of  Tunnels  113 

31  Classification  and  Design 

Terzaghi  Rock  Loads  1 1 5 

32  Correlation  of  Engineering  Behavior  and 
the  Engineering  Classification  of  In  Situ 

Rock  117 

xi 


LIST  OF  TABLES 

Table  Title 

No.  E*&- 


33  Rock  Mass  Structure  Classification  H8 

34  Tunnel  Support  Requirements  ^« 

35  Distribution  According  to  Actual  Support 

Used  119 

36  Relationship  Between  Seismic  Velocity 

Ratio  and  Tunnel  Support  121 

37  Check  List  for  Rock  Mass  Classification 

for  Field  Cases  121 

38  Classification  of  Quality  of  Rocks  123 

39  Classification  of  Rock  Conditions  for 

Tunneling  1 24 

40  The  Relation  Between  the  Classification 
of  Rock  Conditions  and  Construction 

Works  125 

41  Rock  Structure  Rating,  Parameter  "A",  General 

Area  Geology;  Parameter  "B",  Joint  Pattern,  Direction 

of  Drive;  Parameter  "C",  Groundwater,  Joint  Condition  127 

42  Correlation  of  Rock  Structure  Rating 

to  Rock  Load  and  Tunnel  Diameter  130 

43  Geomechanics  Classification  of  Rock 

Masses  132 

44  Classification  and  Design  134 

45  A  Rock  Classification  System  136 

46  The  Excavation  Support  Ratio  (ESR) 
Appropriate  to  a  Variety  of  Underground 

Excavations  1^3 

47  Support  Measures  for  Rock  Masses  of 
"Exceptional",  "Extremely  Good",  "Very 

Good"  and  "Good"  Quality  (Q  Range:    1000-10)  144 

xii 


LIST  OF  TABLES 

Table  Title 

No.  Page 

48  Support  Measures  for  Rock  Masses  of 

"Fair"  and  "Poor"  Quality  (Q  Range:    10-1)  145 

49  Support  Measures  for  Rock  Masses  of  "Very 

Poor"  Quality  Range:    1.0-0.1  146 

50  Support  Measures  for  Rock  Masses  of 
"Extremely  Poor"  and  "Exceptionally  Poor" 

Quality  (Q  Range:   0.1-0.001)  147 

51  Summary  of  Important  Factors  in 

Rock  Classification  151 

52  Some  Soil  and  Rock  Correlations  156 

53  Trade-Offs  in  Design  in  Rock  160 

54  Trade-Offs  in  Construction  in  Rock  162 

55  Trade-Offs  in  Design  in  Soil  164 

56  Trade-Offs  in  Construction  in  Soil  166 

57  Assessment  of  Available  In  Situ  Tests  169 

58  Recommended  In  Situ  Tests  for  Measurement 
of  Specific  Properties  in  Different  Soil 

Types  171 


xin 


LIST  OF  FIGURES 


Figure  Title 

No.  Page 

1  Orientation  of  a  Drill  Core  Feature  13 

2  (a)  The  Craelius  Core  Orienter  1* 
(ATLAS  Copco  ABEM) 

(b)  Top  Portion  of  Core  Aligned  with  Bottom 

of  Craelius  Core  Orienter  in  an  Alignment  Device 

3  Orienting  Core  Barrel  (a),  and  Scribed  Core  Sample  (b)     15 

4  Diagrams  of  Peltier's  (1950)  Hypothetical 
"Morphogenic  Regions"  Based  on  Annual  Rainfall/ 
Temperature  Regimes  ,  17 

5  Development  Sequence  of  Weathering  Profiles  on 

Gentle  Slopes  on  Granite  in  Hong  Kong  18 

6  Typical  Weathering  Profile  for  Metamorphic,  Intrusive 

y.       Igneous,  and  Carbonate  Rocks  19 

Schematic  Overview  of  Interacting  Components 

of  Standard  Penetration  Test  .  25 

8  Schematic  of  the  Dutch  Cone  and  the  Begemann 
Friction  Cone  32 

9  Schematic  of  Cambridge  In  Situ  Instrument  Showing 
Stress  Gauges  36 

10  Schematic  of  "Autoforeuse"  Probe  37 

1 1  Schematic  of  Field  Vane  Test  ^2 

12  Schematic  of  Borehole  Shear  Device  ^ 

13  Schematic  of  Interrelation  Between 

Edge  Effect  and  Seating  of  Shear  Plate  ^6 

14  Hydraulic  Fracture  Test  48 

15  Schematic  of  the  Piezometer  Probe  63 

16  Borehole  Piezometer  Tip  67 

17  Pneumatic  Piezometer  67 

xiv 


LIST  OF  FIGURES 
(Continued) 


Figure  Title 

No.  Page 


18  Pneumatic  Piezometer  68 

19  Building  Research  Station-Type  Vibrating  Wire 
Piezometer  70 

20  Multiple  Piezometer  Installation  71 

21  Piezometric  Permeability  Profiler  73 

22  Pump-in  Test  Arrangement  Using  Pneumatic 

Packers  75 

23  Packer  Test  Set-Up  76 

24  Typical  Pressure  versus  Flow  Curves  for  Packer 

Tests  77 

25  Schematic  of  U.S.B.M.  Overcoring  Procedure  79 

26  U.S.  Bureau  of  Mines  Borehole  Deformation  Gauge  80 

27  Leeman  "Doorstopper"  Borehole  Strain  Cell  82 

28  (a)  Photoelastic  Biaxial  Gauge  (b)  Viewing  System  82 

29  Seismic  Refraction  Method  92 

30  Electrical  Resistivity  Exploration  94 

31  Arrangement  of  Slot  and  Measuring  Pins 

for  Flat  Jack  Test  100 

32  Method  of  Categorizing  Classification  Systems 

Used  in  This  Study  105 

33  Unified  Soil  Classification  System  107 

34  Classification  and  Design  142 


xv 


1.0   INTRODUCTION 


1.1  BACKGROUND  AND  OBJECTIVES 

This  is  the  second  volume  in  a  series  reporting  the  results  of  a  study  funded  by  the 
Federal  Highway  Administration  (FHWA)  entitled  "Representative  Ground  Parameters  for 
Structural  Analysis  of  Tunnels."  Volume  1,  entitled  "Rational  Approach  to  Site 
Investigation,"  (Peck,  Brekke,  and  Hampton,  1980)  is  principally  concerned  with  the 
thought  processes  and  considerations  related  to  the  planning  and  implementation  of  site 
investigation  programs  for  tunnel  design  and  construction.  Topics  include:  1)  geotechnical 
problems  peculiar  to  tunneling;  2)  setting  for  specific  tunneling  problems;  3)  approaches  to 
exploration  for  identifying  problems;  and,  4)  specific  procedures  for  site  investigations  and 
their  evaluation. 

Volume  2,  this  volume,  presents  and  evaluates  in  situ  testing  techniques  and 
discusses  geotechnical  classification  systems  and  correlations  which  might  prove  of  value 
in  underground  design  and  construction. 

1.2  SCOPE 

This  volume  presents  a  general  methodology  for  site  investigation  and  a  discussion 
of  drilling  and  sampling  methods  commonly  used  today.  The  methods  presented  utilize 
boreholes  and  large  openings,  e.g.,  shafts,  test  pits,  and  pilot  bores.  Also  presented  are  in 
situ  techniques  for  the  measurement  of  soil  and  rock  properties  by  geophysical  methods 
and  by  large-scale  testing  and  monitoring. 

Finally,  classification  systems  and  correlations  of  soil  and  rock  properties  as 
related  to  underground  design  and  construction  are  given.  This  volume  includes  a 
summary  section  with  conclusions  and  recommendations. 

1.3  TERMINOLOGY 

The  ultimate  goal  of  tunnel  site  investigation  is  to  define  ground  behavior  during 
and  after  tunnel  construction.  Ground  behavior  (site  characterization)  assessments 
generally  include  stability  of  unsupported  ground,  short-term  and  long-term  loading  on 
tunnel  supports  and  lining,  and  groundwater  movement  to  the  opening.  Ground  behavior  is 
the  response  of  the  ground  to  the  presence  of  the  opening  and  depends  upon  ground 
conditions,  tunnel  design,  and  construction  method. 

Site  investigations  do  not  provide  a  direct  measure  of  ground  behavior  during  and 
after  tunnel  construction;  rather,  they  identify  the  distribution  of  ground  materials  and, 
through  observation  and  testing,  estimate  the  properties  of  the  ground  mass.  Ground 
behavior  is  then  predicted  on  the  basis  of  information  obtained  and  previous  experience. 
Some  of  the  observed  or  measured  properties  may  be  used  in  design  calculations  and  in 
construction  planning.  When  used  in  this  manner,  such  properties  are  termed  design  and 
construction  "parameters."  The  term  "property"  refers  to  a  physical  characteristic  or 
specific  response  of  a  material;  a  property  used  in  a  decision-making  process  is  termed  a 
"parameter." 


The  determination  of  in  situ  material  properties  is  the  focus  of  Phase  I  of  this 
study.  The  use  of  material  properties  as  parameters  in  design  and  construction  planning  is 
the  focus  of  Phase  II. 

1.*        DESIGN  AND  CONSTRUCTION  PROBLEMS 

Design  and  construction  in  underground  space  are  intimately  related. 
Correspondingly,  site  investigations  in  connection  with  proposed  construction  in 
underground  space  must  provide  information  with  which  to  resolve  unanswered  questions 
which  arise  and  are  related  to  design  and  construction. 

It  is  very  difficult  to  categorize  design  and  construction  problems  related  to 
underground  space  and  to  couple  them  with  approaches  to  identifying  the  problem  and 
specific  procedures  for  their  investigation  and  evaluation.  Dr.  James  P.  Gould,  a  member 
of  the  Board  of  Consultants  for  this  study,  has  attempted  to  establish  the  aforementioned 
relationships  for  mined  tunnels.   The  results  of  his  efforts  are  presented  in  Table  1. 


to 

4> 

•§.!§ 

9  tS  ~ 

w  s  — 

Q.    in    ") 

S3,£-o 
y  v.  c 

8.°" 


e 

O   V 

o    %    t 

*"  <  TJ 


g  =  ja 

U    3    O 
Q. 


to 

A) 
00  •M 

.S.x 

a.  oo 

i§ 

to  £ 

«.  10 

i°l 

o 

IS 


to    £  41 


c3-g 
^  o  — 

u 


mm 

.£  c 

■as 

e  « 
<g  _ 

oo'O 

o  ■ 


.13 

3 
T3 


JZ    "1 

II 

<o  <2  c 

p  8  2 

*%* 

u 


BO 

c 

■a  s 

ft)    (A 

s  s 

s'S 

2§ 

Q 


o 
^  c  >. 

28-2 

«     L     U 

o  o  £ 

to    __    ™ 

O  +3  £ 
O.C  -Si 

El-    «3 
u    °  "° 

o 

z 


41 

O    w    C  41 

C  ♦*    41  C 

41    ">  £  * 

8  >•■"  °" 

"O    E  * 

>>e'c  4> 

"2  °  r  * 

<d  «« s  © 

2      Q 


>.        to 

!a       SJ 

|i3 
£  3  to 

o  —  c 

U    O    41 
to   o   u 

"8  St;  3 

48  *  »  2 

13  _    4)   c 

3  -2  3  o 

s  str~ 

°    *   ? 

> 

o 


c 
__  o 

to  **• 


T3    00 

(TJ  \£ 

Ill 

2  s  E 

00  O    41 

•s-i « 

o 

IS 


to    3 

33 

3  -O 

■o  O 

O    C 

Ec 

4>  -S 

oo  2 

£  ~ 

<D    to 

■6- 


<8  .i= 
4)    u 

j=  o. 
to  to 


03    41  4) 

£  1c  4! 

o  u  £ 

*h    ..  41 

41    00  h 

"O    C  3 

.—  to 

«■»    B)  41 

c 


°      .2 


C  i_ 

41  ** 

-5  « 
3° 

u  C 

41  O 

41  *^ 


I/) 

41 

to  -2 

p   o 


<u 


£  Q.-0-B 

e  •£  -2  £ 

Q 


«  8 

4»    o 

"o  9*  ° 

c  P  — 

|«T) 

O  •<-•    c 

ooi  * 

o  £  * 

to    41  "y 

id 

leraJ 
prob 
soft 

■o 
c 

V5 

41 

a 

c 

0 

« 

id 

00    « 

-a 

c  £ 

RJ 

.-  o 

U 

a.t' 

C    fa 

fc  u 

* 

(/1  13 

«t   4-* 

00  c 

c 

41 

■n 

C    41 

'C2 

o 

cQ 

00 

»«      ■*-  c  ffl 

?P  >,  41    o  U 

•£  S  £  ?  i 

S-~    O    rrj  4) 

£o  n  >♦; 

fc_  S :    nl    41    1-  ra 

C    O-  J    Q.  5)  * 

•^  3  £  _  .n  > 

<°  *•  h  "S  °  4i 


-a 

c 

rd 
to 
41    « 

Si 
3  -O 

ooS 


I 
I     to 

to  -r 

f8    41    "3 

h  a-  is 

to    4)  £ 
„    C    U 


ia 


§5 

O    to    to 
U-S    41 


C  — •    as 


EJ.E* 


4i  :3 

a 


3 
00 
<J    4)    rfl    C 

a 


-  .£  °  u  S 

..  ♦;  ><  o  v. 

<o  —  o  ■-  JT  c 

3-3    U    E    V  P 


8. 


3  73  U 

o  2  to 

>  b  ^ 

4i  i  r 

U 


4i    O    >> 
_    (J    U   •»-» 

•2^73 
c  t:  4>  xi 

o  3  ■*  a 
o   "   S   4) 

i.il! 

3  v  S  .£ 


£ 

41 

3 
o 


(J 

4> 

a. 
<^i 


°Poo 

.=  c 

2,  4J 


<  U. 


3         C 

3     .2 

CO 

s  w  E 

<0    c    t 

2»5o 

00  3    4, 
I     C 


■-  -A    C 


3    41  2  -C 

i-  xi?5u 


00        -C 

c        •" 

3  c  S 
«  o  o 

o?  w 
—  <u  c 

lis 

■S.5  3 
<  Q  m 


•o  .i 

4->  — . 

C  41  _ 

4>  C  E 

C  to  41    ? 

3  ==  « 

O  fO  +-j     L» 

,"=  y  41  "a 


c 

fO 


03 
3 

o- 


to 

3    r- 

00  " 
c  k- 
.-    41 

•—  a 
a.  j 


41 
00 

ro 


•m   41 


«3  ap^,  s  c 

Mi.ir;2!5 


00  t.  c 

2    e  3    w 

"■  £  ^  41 

41    p  £  H- 

41 


y  -9 


o  3  ^ 

a,  lu  .    cl 


2  £ 

yo    4> 


C    4)    t_ 


00 

41  c 


41 


03 


°U? 


f3    O 

41 
J= 
lO    3  T3 

3  =  1! 

Q     RJ   — < 

t/l  u.  >• 


C  4- 

.2      c 

•2  cq  41 


41  — i 

00      1-0 

10      ^  u 


=> 
o 
o 

ac 

III 

I- 

< 

to 

-J 

UJ 

Z 

Z 
13 
H 

a 

LU 

z 


u. 

o 

to 

uJ^ 

-J  -o 

CQ    41 
SI 

a.  c 
o 
u 


3    C 

■o  o  c 
o  «™ 

as™ 


O  —  -o 

0)    i-  c 

Q.  O  ,-g 

(/I    MH 


"3. 

bo  E 

C    <0 
—    in 

O.T5 

E  « 


4»    10 

i;  x 

•3  *» 

<0  ^ 

4)  "3 


O    «  -O  —    3    «  2 


IM     ^     w     v     <■  ,     -.     3 


CQ 


•as 

o  C 

o  3 
II  " 

O 


.a  « 

.e  -o 

41  ~ 


bo°  ■£ 

C    DO'S 

I"! 


S  5i  a* 


o 

CQ 


tr  = 

**  > 
oo 
c  x 

D    4) 


_  i 
o  S 

1-8 


CO  4)    4< 

c  x>  " 


5"i 


3  V  M  « 

2  2  =  c 

41    41   «  "™ 

£~3g 

-   4)  — i   £ 

> 


£    O 

o 


3    «>    §-4) 

55  S  S  ~ 


_    4) 

cq  a 


..  r8 

1/1  k. 

41  41 

S.S 

u  £ 

O  to 

£  <= 


c 
.2 

60  5 

.5  >  o  o 

a.  is  J-  a 

a.  y  a.  c 

«  x  _ . 


"9    4) 


*•     —  o  £  '^ 


u 

4)   1 

a. 

CO 


£  u  <o  <n    -  s 

**  T«T   S>  60  4) 
9   o   9  iH   o. 


2  ~-2£<f  *■£.£§• 


41 


41 


0 

£ 

4) 

>> 

(/> 

.9 

n 

V 

O 

.c 

k. 

(0 

u 

Cu 

fl 

o 
"3. 

0 

>- 

M-l 

a.  c 

UJ 

< 

41 

•o 

3*4.     3 
S  3  '€  2  »  3 


•£    (0    4>    flj    C  <m 

C     k.      Q..S     O    — • 


-2   O 


2? 

60- 


m  <o 


j.3*        i 

4>  2  ><      "■ 

u    3    u         i/> 

=5  o-S  ?PS 

|-=£3-gS 

a  v  u  <f  o  a 

tu  £ 


1    4 

5    C    3 
60  (0    3 

g  S-  S  J8  o  8  -c 

JJ    4)  mh  XI    v)    V)  "O 

o  < 


3-£"cl 

■S3? 

3  i:  « 


H 
O 

D 
OS 

H 

to 

Z 

o 

u 

a 
z 
< 

z 
o 

Jo 

UJ 

a 


CQ 
< 


60  k. 
C   fl 

"5 '"3 

41    U 

to   4) 

0u 


II 
u  > 
41    5 

5   41    « 

9  ♦*  "3 
u  3  ™ 
60^  '^ 

«      -  C 

o  t  u 
u,    4)   t. 

«23 

«   Q..S 

4) 

a 


m  c  « 

3  9  S 

§  «  S  J 

^  E  >  "> 

S«  9     ' 

s^  =^« 

S-*2T3 

°    9  JO    41 

4i  <"  ..  t; 
3  ••>  "i  i2 

9  ~  U  S 

fe   9  9    9 

Q.  in  u    <n 


IA 

■o 

£ 

'J 

4) 

<-* 

4) 

o 

(0 

2 

9 
M-l 

a, 

ITI 

•o 

^: 

u 

u. 

9 

*• 

■n 

u, 

m 

_, 

u 

+- 

fl 

c 

41 

C 

3 

.9 

41 

o 

o  Z 


3^> 
fl  c  « 


S-S.£3 

£^|s 

3     O-m  •£ 

a  e-S  %  8 


4)    4> 

cs.-- 

9  . - 
Q.  c 
60  '5 
C    C 

£8 

>  -o 


<0 

o 

<n  '+3 
£    S    U   4. 

o  2  »  8 
5  .t!  >  «- 

L     L     O      It 

_  u  ia  £ 
<a  <-  <o 

4) 


w  V) 

.5  in 

a  ?, 

+*  4) 

u  «) 


a 


e 

0 

la 

Q, 
U 


u 

41 

a. 
to 


(0    «    9 


£  *  .. 

O  (i   j 

*  2.-B 

.r«  u 

£  OJ    =5 

;  ^     u 

3  4-* 

u.  O 


v  £ 

>  9 

9  S 

-  nj 

41  «S 

u  c 

<T3  41 

"C  £ 

3  41 

in  U 


41    41 

■*  £ 

V   9 

S?3  n 

in   «   «. 

»   -c 

C  41  3 
J*  u  •= 
«  3  "S 
4)  ♦-    ™ 

*  3  -O 
>.  u. 

-3  o  s*2 

9    4)  2    <0 
U   u   5)   V 
41 
lO 


1) 


12       g 

15  Si 

3  5«  S 

9  £  .£  .5 

on  l    Jr    fj 
S*  nj    4)    41 

I  «Q   4,   in 


01 


s 


J£ 
u 

9 

Im 
60 

-  c 
IS 

«  3  -° 
4)    o     ffl 

8  a ■" 

4)  k. 

u   60  9 

•A  .5    60 

—  N  C 
A  HI  '3 
3    41     £■ 


60 
C 

"<3 

c 
c 

3 


to    m 
y   m 

I8 
(0  "o 

U    (0 

I1 


<0 


41    c 


2  « 

£  "9 
10    o 

60  •£ 

.£  « 
=3  £ 

c 


•a  ~  L.  <«  •*-  • rr 

*•  ""  10  ^^  —  Si 

41  jQ  ll  "«    (0  5 

c  m  to  °  •£-  > 

C  •=  £■  £  9  8 

2  ^?  £  -2  IS  x 

lO  >  4)  *■•  ,™  4) 


HO    n 

fiff  2 

4)  (0  a" 

,I,M    IM 

o 


4)  (0  ' 


«11J 

9    9    =    9 

toi-t;  u 
o  <*  a. 

9 

u 


41    in 

j*  a  £ 

ado 

♦*  Jr 
to  cl 


c 
2  "i 

II 
It 

go- 
u 


Q 
_1 
D 
O 
<J 
X. 

ID 

f- 
u. 

< 

to 

-J 

UJ 

Z 
Z 

=> 
I- 

Q 
tu 

Z 


u. 
O 
in 

2 

UJ 

_i 

O 

ce; 
a. 

z 
o 

r- 

u 

os 
(- 
to 
z 
o 
o 
a 
z 
< 
z 
u 

7> 

UJ 

c 


UJ 


< 


edures 

tion 

ion 

etailed  survey  o 
utilities  and 
conditions 

idex  testing  of 
soil  samples  am 
rock  cores  for 
organics  &  pyri 

esting  of  ground 
water  samples 

ic  Proc 
ivestiga 
Evaluat 

?"  = 

to 

a        _.           (- 

c 

E 

0)       -o   t>  _ 

5    Q.  ">    O    c    C 

0  <u 

4—     — 

J)    .,    S    U    (J    fl 

>SS£Sc 

frfi-8 

Explorato 
Approache 
dentify  Pn 

and  re 
exami 
s  site 
g  and 
gas  pn 
oratio 
ngs 

tudy 
and 
viou 

estin 

expl 
bori 

<S)              i- 

lA  ' 

O 

c 

ons 
rga 

eas, 
ocati 

•s 
ry 

ingo 
rived 

■a 

u 

3 

ban  ar 

rage  1 
al  site 
rnenta 
ontain 
nic-de 

C 

c 

0 

e  to  Ji 

o 

U 

SSJ3 

up  ur 
el  sto 
dustri 
r  sedi 
cks  c 
orga 
cies 

~    3    O 

0)     U     L. 

l/l    0)   Da 

a. 

A    3    C    O    O    Jr    <0 

_    "H    •—    _      1-      O    «H 

3          '5 

cd           w> 

«2           -■        i 

=          «  '.  fe 

in 

£ 

luta 

sed 
ties 
wat> 

01 

—    ui         in  .— 

2 

§.3  »  £=  u 

o 
a. 
u 

sence  of 
latile  flu 
ural  gase 
of  comp 
igerous  u 
s,  electri 
rrying 

'o 

111 

V    O   **    (U    £    to    « 

a. 

C    >    to   in    to    oo  O 

</} 

a.       Z3Q 

neral 
egory 
oblem 

ecial 

fety 

nd 

lality 

iblems 

Q.  to  *  X,  P 

2.0   SITE  INVESTIGATION 

2.1        GENERAL  APPROACH 

Due  to  variation  of  site  conditions  for  different  tunnel  projects,  no  single  approach 
to  subsurface  exploration  for  design  and  construction  of  tunnels  is  adequate.  A  general 
approach,  however,  might  consist  of  the  following  steps: 

1.  Conduct  an  office  review  of  available  information. 

2.  Inspect  the  job  site;  walk  the  proposed  alignment  (if  one  exists),  and  perform 
borings  at  several  select  locations. 

3.  Assemble  and  evaluate  all  subsurface  information,  and  identify  potentially 
troublesome  areas. 

k.         Investigate  potentially  troublesome  areas  in  detail. 

5.         Develop  best  estimate  of  ground  conditions  for  design  and  construction. 

2.1.1  Office  Review 

Prior  to  subsurface  exploration,  a  review  of  existing  information  should  be 
conducted.  Potential  sources  of  geologic  and  hydrologic  information  include:  the  U.S. 
Geological  Survey;  National  Oceanic  and  Atmospheric  Administration;  various  geological 
journals;  studies,  ^and  investigations  performed  by  geology  departments  at  local 
universities;  existing  logs  of  oil  and  water  wells;  geologic  studies  performed  for  nuclear 
power  plant  feasibility  reports;  case  histories  of  completed  tunnels;  and  discussions  with 
knowledgeable  people  in  the  area.  Site  specific  information  might  be  obtained  from 
geotechnical  investigations  conducted  for  projects  in  the  vicinity  of  the  proposed  tunnel. 
Review  of  existing  and  available  reports,  maps,  aerial  photos,  and  boring  and  well  logs 
may  indicate  general  geologic  structure,  discontinuities,  unconformities,  and  hydrologic 
conditions. 

2.1.2  Field  Review  and  Preliminary  Exploration 

In  conjunction  with  an  office  review,  information  about  the  site  may  be  obtained  by 
walking  the  proposed  alignment,  inspecting  existing  unlined  tunnels,  and  visiting  open 
excavations  such  as  construction  sites  and  quarries.  Following  the  office  review  and  site 
reconnaissance,  borings  should  be  conducted  and  samples  obtained  from  several  select 
locations.  Depth  and  number  of  borings  and  location  of  samples  may  vary  with  the 
project,  depending  upon  geologic  conditions,  anticipated  problems,  and  cost  limitations. 

2.1.3  Preliminary  Geotechnical  Report 

Information  obtained  from  the  office  and  field  reviews  should  be  presented, 
discussed,  and  summarized  in  a  preliminary  geotechnical  report.  The  report  should  review 
the  geologic  setting  of  the  site,  give  a  general  overview  of  geotechnical  conditions  along 
the  tunnel  alignment,  and  indicate  potentially  troublesome  areas  which  might  affect 
tunnel  alignment,  design  of  the  tunnel,  excavation  methods,  or  any  combination  thereof. 


2.2  TRANSITION  MATERIALS 

2.2.1  Introduction 

When  a  tunnel  is  to  be  situated  entirely  in  material  which  can  be  definitely 
categorized  as  soil  or  rock  the  tunneling  options  become  fairly  obvious.  However,  in  an 
area  of  residual  soils  in  which  tunnels  must  be  constructed  through  transitional  materials 
in  the  zone  of  weathering  such  clear  cut  distinctions  may  not  be  possible.  In  such 
instances,  the  key  determination  is  how  the  contractor  views  the  ground  conditions.  His 
bid  will  be  based  on  whether  the  contractor  feels  hard  ground  or  soft  ground  tunneling 
techniques  will  be  required.  Correspondingly,  for  the  most  reliable  cost  estimates  the 
designer  must  be  able  to  ascertain  the  effect  of  ground  conditions  on  the  most  economical 
method  of  tunnel  construction. 

In  those  instances  in  which  the  designer  and  contractor  do  not  agree  on  ground 
conditions,  generally,  cost  overruns  occur  which  result  in  litigation  and  delays.  Such  is 
often  the  case  when  tunneling  through  areas  of  residual  soils.  Therefore,  when  planning 
and  designing  tunnels  in  areas  of  residual  soils,  care  must  be  taken  during  the  subsurface 
exploration  program  1)  to  define  to  as  great  a  degree  as  possible  the  boundaries  between 
soil,  rock  and  transition  materials,  and  2)  to  adequately  describe  the  range  of  engineering 
properties  of  each  of  the  aforementioned. 

It  is  very  difficult  to  define  the  properties  and  characteristics  of  transitional 
materials  in  the  zone  of  weathering.  Successful  tunneling  in  areas  of  transition  materials, 
including  minimum  cost  construction,  requires  good  definition  of  the  properties,  charac- 
teristics and  boundaries  of  materials  in  the  zone  of  transition  and  an  effective 
interpretation  of  their  significance  to  the  advance  of  the  tunnel  in  such  a  manner  that  the 
contractor  can  easily  understand  their  importance. 

Due  to  the  wide  range  in  variation  in  properties  of  materials  in  the  zone  of 
transition,  the  subsurface  exploration  program  must  be  carefully  planned  and 
implemented.  The  drillers  must  be  carefully  selected,  a  full-time  drilling  inspector  should 
be  utilized,  and  the  information  coming  in  from  the  field  should  be  continuously  monitored 
and  any  apparently  anomalous  conditions  clarified  in  the  field.  Oftentimes,  the  most 
helpful  result  from  an  exploration  in  the  zone  of  transition  is  a  detailed  description  of  the 
materials  comprising  this  zone  and  their  possible  impact  on  tunnel  operations. 

2.2.2  Purpose 

It  is  not  intended  that  the  treatment  of  materials  in  the  zone  of  transition 
contained  herein  be  comprehensive.  However,  due  to  the  uniqueness  of  such  materials,  it 
was  felt  that  special  attention  should  be  given  to  them.  Those  who  desire  more 
information  are  directed  to  Peck,  Brekke  and  Hampton  (1980)  as  well  as  the  references  to 
materials  in  the  zone  of  transition  cited  herein. 

2.3  DRILLING  AND  SAMPLING  METHODS 

A  subsurface  investigation  must  present  a  meaningful  description  of  the  materials 
through  which  the  tunnel  is  to  be  driven.  An  important  element  of  the  subsurface 
investigation  is  a  log  of  borings,  which  provides  a  verbal  description  of  the  soil/rock 


material  encountered  in  each  boring,  select  properties  of  intact  samples,  characteristics 
of  the  mass  as  a  whole,  and  groundwater  information. 

To  obtain  representative  samples  for  description  and  testing  purposes,  and  maintain 
the  borehole  in  good  condition  for  subsequent  borehole  testing,  proper  methods  of 
advancing  a  borehole  and  obtaining  samples  must  be  employed.  This  section  presents  a 
brief  evaluation  of  current  drilling  and  sampling  methods  for  use  in  subsurface 
investigations,  and  provides  references  for  additional  study. 

2.3.1     Borehole  Methods  in  Soil 

Several  methods  are  currently  employed  when  advancing  a  borehole  through  soils. 
An  easy  method  for  penetrating  unsaturated  formations  to  depths  of  about  100  feet  is  with 
a  continuous-flight  auger  drill.  Such  drills  may  be  truck  or  crawler-track  mounted.  The 
continuous-flight  auger  drill  may  be  fabricated  with  a  hollow  stem  to  permit  insertion  of 
drive-spoon  samplers  through  the  auger  to  the  base  of  the  hole  in  order  to  retrieve  short 
samples  ahead  of  the  auger.  While  advancing  the  auger  a  drilling  log  should  be  kept  to 
record  the  type  and  visual  properties  of  the  soil  cuttings  with  depth. 

A  much  more  rapid  method  of  drilling  in  soils  is  by  use  of  Becker  percussion- 
hammer  drills.  This  type  of  drill  consists  of  a  double-walled  drive  string  with  a  specially 
designed  cutting  head.  The  cutting  head  comprises  several  breaker-teeth  with  upward- 
directed  air-jet  ports.  Compressed  air  is  fed  down  to  the  cutting  head  through  the  drive 
string,  which  is  driven  downward  by  an  air-hammer.  The  compressed  air  lifts  the  cuttings 
up  through  the  inner  opening  of  the  drill  string.  This  drilling  method  is  preferable  because 
drilling  and  casing  the  soil  formation  are  conducted  simultaneously,  and  well  casings, 
piezometer  pipes  Or  tubes,  and  backfill  material  may  be  installed  through  the  drive  string 
before  or  during  withdrawal  of  the  drive  string.  Casings  can  be  withdrawn  partially  or 
totally  for  testing  purposes  by  special  spider-frames  and  hydraulic  jacks  that  can  be 
furnished  with  the  rigs  (O'Rourke,  1972). 

The  wash  boring  method  is  a  simple  and  frequently  used  procedure  for  advancing  a 
borehole  in  soil  formations.  Initially,  casing  with  a  diameter  of  2  to  4  in.  is  driven  a  depth 
of  5  or  10  feet.  The  casing  is  then  cleared  out  by  a  chopping  bit  which  is  connected  to  the 
lower  end  of  a  wash  pipe.  Water  is  pumped  down  through  the  wash  pipe  and  out  through 
small  bit  openings  at  a  high  velocity.  The  water  carries  soil  fragments  up  the  annulus 
between  the  casing  and  the  water  pipe,  and  into  a  settling  tank  at  the  top  of  the  borehole. 
The  cuttings  settle  out,  and  the  water  is  recycled  into  the  wash  pipe.  The  chopping  bit 
can  be  twisted  as  it  is  raised  and  dropped  on  the  bottom  of  the  hole.  Additional  casing  is 
driven  and  water  pipe  sections  are  added  as  the  hole  progresses.  If  the  material  will  stand 
without  caving,  the  casing  need  only  extend  10  to  15  feet  below  the  ground  surface. 

Rotary  drilling  is  similar  to  wash  boring  except  that  the  drill  rods  and  cutting  bit 
are  rotated  mechanically  while  the  hole  is  being  advanced.  Circulating  water  emerges 
from  ports  in  the  cutting  bit  and  carries  cuttings  up  the  annulus  outside  the  drill  rods.  The 
rods  may  be  pressed  downward  mechanically  or  hydraulically  while  rotating.  Various  bit 
types  such  as  drag  bits,  tri-cone,  and  two-cone  roller  bits  can  be  used,  depending  on  the 
quality  of  the  medium  penetrated. 

Drilling  fluids  used  may  consist  of  clear  or  muddy  water,  conventional  soil- 
bentonite  slurries,  a  viscous  mixture  of  special-purpose  materials,  including  organic 
polymer  additives,  or  compressed  air.  The  drilling  fluid  uses  include: 


1.  Support  of  wail  of  borehole  to  prevent  caving; 

2.  Removal  of  cuttings  from  bottom  of  hole; 

3.  Cooling  and  cleaning  of  the  drill  bit;  and 

4.  Lubrication  of  bit  bearings,  mud  pump,  drill  pipe,  etc. 

In  some  applications,  an  additional  purpose  is  to  seal  the  wall  of  the  borehole  to 
reduce  fluid  loss.  Fluid  loss  is  not  harmful  if  the  borehole  is  advanced  for  the  purpose  of 
obtaining  samples  only.  However,  if  permeability  tests  or  borehole  viewing  are 
contemplated,  emphasis  must  be  placed  on  keeping  the  borehole  wall  clean  and  free  from 
mud  and  drill  cuttings  during  drilling  operations.  If  permeable  strata  are  encountered  or 
anticipated,  perforated  casing  rather  than  a  high-viscosity  drilling  fluid  should  be  used  to 
support  the  borehole.  One  exception  is  the  use  of  a  high-viscosity  fluid  such  as  "Revert," 
by  Johnson  Division  (1972),  an  organic  polymer  additive  which  is  used  instead  of  clay  or 
bentonite.  This  additive  will  minimize  water  loss  in  permeable  strata  and  stabilize 
borehole  walls  in  collapsible  formations,  yet  will  reduce  to  a  water-like  fluid  in  3  to  k 
days.   Faster  or  longer  "break"  times  can  be  achieved  by  use  of  another  additive. 

Many  methods  exist  for  obtaining  samples  in  soils  and  unconsolidated  deposits. 
Various  augers  can  be  used  to  obtain  disturbed  soil  samples  at  shallow  depth.  Although 
they  work  well  in  cohesive  materials  such  as  silts  and  clays,  they  are  ineffective  in 
cohesionless  soils  below  the  water  table  because  either  the  sample  will  tend  to  wash  off  or 
the  hole  will  not  stay  open.  Consequently,  it  becomes  necessary  to  employ  rotary  drilling 
techniques  and  drilling  fluids  described  earlier.  Drive  sampling  techniques  are  often  used 
to  obtain  representative  soil  samples.  Such  sampling  usually  proceeds  at  5  foot  intervals 
or  at  strata  boundaries.  The  sample  is  taken  by  driving  a  sampler  or  "sample  spoon"  into 
the  soil  at  the  base  of  the  borehole.  Samplers  may  be  driven  by  drop-hammers  or 
hydraulic  methods.  Common  sample  spoons  range  in  size  from  2-  to  4-1/2-in.  outside 
diameter  and  from  18-  to  24-  in.  lengths. 

Relatively  undisturbed  samples  can  be  obtained  using  a  thin  wall  sampler  such  as  a 
Shelby  tube.  The  sampler  tip  is  rolled  inward,  providing  a  one  percent  inside  diameter 
clearance,  thereby  reducing  drag  and  disturbance  of  the  sample.  Tubes  made  of  steel, 
brass  or  stainless  steel  come  in  2-  to  3-inch  outside  diameter  sizes. 

A  variation  of  the  Shelby  tube  is  the  stationary  piston  sampler.  The  sampler  is 
initially  sealed  at  the  bottom  with  a  sliding  piston  so  that  it  can  be  safely  lowered  through 
fluid  and  soft  cuttings  without  fear  of  sample  contamination.  The  piston  is  held  stationary 
as  the  sampler  tube  is  forced  into  the  formation,  and  subsequently  assists  in  holding  the 
core  in  the  sampler  by  a  vacuum  as  the  sampler  is  lifted.  This  sampler  can  achieve  a 
better  vacuum  seal  than  does  the  thin  wall  sampler's  ball  check  valve. 

In  the  Denison  Sampler,  or  Denison  Core  Barrel,  the  inner  tube  and  cutter  always 
precede  the  rotating  outer  tube  into  the  formation,  helping  to  keep  the  sample  relatively 
undisturbed  and  uncontaminated  by  the  drilling  fluid.  The  sample  is  "floated"  by  pressure 
from  the  circulating  or  saturated  soils  and  sediments.  The  sampler  is  also  effective  in 
sampling  mixtures  of  gravel  and  clay,  in  soft  shale,  and  weathered  rock  interlaced  with 
clay  seams.  Various  bottom  assemblies  allow  a  broad  range  of  application  (Acker,  1974). 


The  reader  is  referred  to  Hvorslev  (1949)  and  Peck,  et  al.  (1974)  for  other  detailed 
descriptions  of  sampling  techniques  for  soils  and  unconsolidated  material. 

2.3.2     Borehole  Methods  in  Rock 

2.3.2.1    General 

There  are  many  drilling  methods  for  rock,  each  pertaining  to  a  particular  set  of 
conditions.  Generally,  during  subsurface  investigations  for  tunnels  in  rock,  rock  samples 
are  collected  using  coring  methods.  However,  if  samples  are  required  at  specified  depths 
only,  inexpensive  access  to  those  depths  to  obtain  cores  can  be  achieved  with  non-coring 

techniques. 

Non-coring  techniques  such  as  percussive,  rotary,  and  rotary-percussive  can  drill 
holes  1  to  8  in.  in  diameter.  The  percussive  drills  remove  rock  by  making  a  series  of 
indentations,  the  rotary  drills  by  a  planing  or  cutting  action,  and  the  rotary-percussive 
drills  by  a  combination  of  indenting  and  cutting.  Various  drilling  fluids  are  used  to  remove 
the  cuttings  from  beneath  the  bit.  Drills  may  be  powered  by  internal  combustion  engines, 
diesel  engines,  compressed  air  motors,  hydraulic  fluid  motors,  or  electric  motors. 

Percussive  drilling  machines  contain  a  piston  that  is  driven  by  air  or  hydraulic  fluid. 
The  piston  impacts  on  the  steel  drill  rod  which  in  turn  drives  the  bit  to  produce  rock 
breakage.  The  hammer  assembly  may  be  located  on  the  drill  rig,  at  the  top  of  the  drill 
rods,  or  down-hole,  just  behind  the  bit.  These  machines  are  used  only  for  hard-rock 
drilling. 

Rotary  driUs,  which  combine  high  thrust  with  bit  rotation,  are  used  both  in  non- 
abrasive  soft  materials  and  hard  rock.  The  cutting  potential  is  governed  by  the  rig  size 
and  bit  type  (NRC,  1976).  In  rocks  of  soft  to  medium  hardness,  such  as  coal,  shale, 
sandstone,  evaporites,  marls  and  limestone,  carbide  drag  bits,  tricone  bits  and  diamond 
bits  may  be  used.   In  hard  rocks  diamond  bits  must  be  used. 

If  a  non-cored  hole  is  desired  in  hard  rocks,  non-coring  diamond  bits  can  be  used. 
Several  advantages  are  that  a  very  straight  hole  is  produced,  the  rock  mass  undergoes  a 
minimum  of  disturbance,  and  the  rate  of  advance  is  high. 

Rock  samples  are  obtained  by  using  rotary  drills  that  incorporate  various  types  of 
core  barrels  and  core  bits.  Continuous  core  runs  can  be  taken,  or  a  hole  can  be  advanced 
to  a  specified  depth  before  a  core  is  taken. 

The  most  important  parts  of  any  core  drill  operation  are  the  cutting  bit  and 
recovery  vehicle,  the  core  barrel.  Most  core  drilling  is  carried  out  using  diamond  bits 
which  are  available  in  two  main  forms:  (a)  "surface  set"  bits  with  individual  diamonds  set 
in  a  metal  matrix,  and  (b)  "impregnated  bits"  with  fine  diamond  dust  incorporated  in  the 
matrix.  The  latter  type  of  bit  is  considered  to  be  self-sharpening  because,  as  the  surface 
wears  away,  the  new  diamonds  are  exposed.  Diamonds  used  in  the  surface  set  bits  vary  in 
both  quality  and  size,  and  are  governed  by  the  rock  type.  In  general,  the  harder  the  rock, 
the  smaller  the  size  and  the  higher  the  quality  of  the  diamonds  (Bell,  1975).  Bit 
performance  depends  on  several  factors,  including  the  angular  velocity  of  the  bit,  the 
applied  pressure,  the  matrix  (bit)  hardness,  and  the  shape  and  quality  of  the  diamonds. 
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Tungsten  bits  are  less  costly  than  diamond  bits,  but  can  only  be  used  in  softer 
formations  such  as  shale,  till,  or  a  residual  soil  with  boulders.  Standard  tungsten-carbide 
bits  are  manufactured  by  using  carbide  inserts  instead  of  diamonds. 

Barrel  sizes  are  standardized  by  the  DCDMA  (Diamond  Core  Drill  Manufacturer's 
Association)  to  be  either  "G"  or  "M"  type. 

The  main  "G"  type  core  barrels  are  as  follows: 

Single  Tube  -  This  is  the  simplest,  least  expensive,  and  most  rugged  of  core  barrels; 
is  often  the  best  core  barrel  to  use  when  in  solid  rock  formations  where  good  core 
recovery  is  relatively  simple.  It  is  also  useful  in  penetrating  rock  layers  above  the  strata 
of  interest  or  where  a  high  percentage  of  core  recovery  is  not  necessary. 

Double-Tube-Rigid  -  This  type  of  core  barrel  has  an  outer  and  inner  tube,  both  of 
which  are  fixed  to  the  core  barrel  head.  A  reamer  shell  and  bit  are  screwed  on  to  the 
outer  tube.  During  operation,  the  drilling  fluid  flows  through  the  head  and  down  the  space 
between  the  inner  and  outer  barrels.  Drilling  fluid  contacts  the  core  in  the  bit  area.  This 
barrel  is  useful  in  materials  that  tend  to  wash  or  dissolve  readily.  One  drawback  of  this 
unit  is  that  the  inner  tube  rotates  around  the  core.  If  the  cored  material  is  friable  or 
badly  fractured  it  may  be  severely  disturbed  in  the  coring  process. 

Double-Tube  Swivel  -  This  barrel  has  the  advantage  that  the  inner  tube  is  mounted 
on  anti-friction  bearings,  which  permits  the  outer  tube  to  rotate  while  the  inner  tube 
remains  stationary.  This  barrel  is  therefore  more  useful  than  the  double-tube  rigid  barrel 
for  coring  fractured  and  friable  formations. 

A  variation  of  the  double-tube  core  barrel  is  the  wire-line  barrel,  where  the  inner 
tube  includes  a  core  lifter  that  can  be  removed  through  the  drill  string.  Rock  core  can  be 
retrieved  without  removing  the  outer  tube  assembly;  only  the  core  lift  and  core  barrel  are 
hoisted  up  the  hole.  Drilling  and  retrieval  of  rock  core  at  depths  greater  than  50  feet  can 
proceed  faster  with  the  wire-line  method  than  with  other  coring  methods. 

The  "M"  Design  Core  Barrel  (or  Face-Ejection  Barrel)  is  basically  a  double-tube 
swivel  type  core  barrel  with  improved  water  flow.  An  extension,  known  as  the  "core  lifter 
case,"  is  fitted  to  the  bottom  of  the  inner  tube,  extending  almost  to  the  bit.  This  further 
protects  the  core  from  water  washing.  The  "M"  Design  Barrel  is  widely  used  for 
recovering  rock  cores  in  fractured  and  friable  formations  (Bell,  1975). 

Relatively  new  developments  are  the  Triple  Tube  and  split  double-tube  barrels. 
These  types  employ  an  inner  tube  which  is  split  into  halves  longitudinally.  When 
withdrawn  from  the  outer  casings  of  the  core  barrel,  the  core  can  be  observed  and 
described  without  the  risk  of  sample  disturbance  caused  by  core  extraction.  The 
procedure  permits  a  better  evaluation  of  highly  cleaved  and  jointed  rocks  (Bell,  1975). 

For  further  description  of  sampling  techniques  in  rock,  the  reader  is  referred  to 
Goodman  (1976),  U.S.  Bureau  of  Reclamation  (1974),  McGregor  (1967),  Longyear  Drilling 
Company,  Acker  Drilling  Company,  Inc.,  and  Christensen  Diamond  Products  Company. 
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2.3.2.2   Core  Orientation 

From  drill  cores  we  can  obtain  information  on  the  numbers  and  types  of  both 
materials  and  discontinuities  in  the  area  of  investigation.  The  value  of  this  information 
can  be  increased  significantly  if  the  orientation  of  these  features  can  be  ascertained.  The 
strike  with  which  a  discontinuity  intersects  an  underground  project  can  easily  be  among 
the  most  important  items  in  a  geotechnical  report  for  both  the  designer  and  contractor. 
There  are  a  number  of  approaches  which  can  be  used  to  orient  these  features.  Four  will 
be  discussed  here.   For  a  more  detailed  description  see  Goodman  (1976). 

A  method  of  aligning  and  recording  the  relevant  directional  information  with 
regard  to  the  various  structural  features  has  been  described  by  Rosengren  (1970).  A 
continuous  core  is  laid  in  a  trough  in  the  proper  sequence.  Each  piece  is  then  rotated  so 
that  the  discontinuity  faces  are  properly  aligned.  Once  the  cores  are  in  the  proper 
relative  orientation  a  reference  line  is  drawn  down  the  length  of  the  core.  It  is  to  this  line 
all  features  are  referenced.  As  long  as  one  feature  can  be  absolutely  oriented  the  others 
can  then  be  described  by  its  character,  distance  down  the  borehole  and  elevation,  if  the 
hole  is  not  vertical,  a  angle  and  dip,  and  the  3  angle  and  strike.  The  definition  of  the 
a      and    B    angles  is  shown  in  Figure  1. 

This  procedure  can  be  used  with  good  results  where  core  recovery  is  good  and  the 
discontinuities  are  not  near  the  transverse  axis  of  the  core.  A  major  drawback  is  the  time 
and  effort  involved. 

Another  approach  to  the  orientation  of  features  is  the  use  of  non-parallel 
boreholes.  If  a  distinctive  discontinuity  appears  in  three  or  more  non-parallel  boreholes 
its  absolute  orientation  can  be  determined.  With  only  two  boreholes  a  set  of  four  possible 
orientations  can  be  obtained.  This,  coupled  with  minimal  knowledge  of  the  structural 
geology  of  the  area,  can  also  often  lead  to  an  acceptable  solution. 

The  Craelius  core  orienter  (Atlas-Copco)  is  a  mechanical  device  which  is  used  to 
establish  the  orientation  of  a  hard  rock  sample.  The  apparatus  has  six  pins  (Figure  2) 
which,  when  pressed  onto  the  end  of  the  borehole,  can  lock  into  a  unique  differential 
alignment.  A  small  marking  device  defines  the  true  dip  of  the  B  plane.  By  placing  this 
device  in  the  borehole  ahead  of  the  coring  bit  it  can  "fit"  the  top  of  the  sample  so  that  on 
extraction  the  device  and  core  can  be  realigned  and  the  original  orientation  found.  As  the 
core  is  then  taken  the  device  precedes  it  into  the  barrel  so  that  when  removed  the  two  can 
be  easily  arranged  in  the  proper  orientation. 

The  Christensen-Hugel  core  barrel  (Figure  3)  is  equipped  with  scribes  which  can 
mark  the  core  continuously  as  it  enters  the  barrel.  This  device  has  three  tungsten  carbide 
inserts  in  the  end  of  the  barrel  to  mark  the  core  as  it  enters  and  a  survey  device  so  that 
the  reference  marks  can  be  absolutely  oriented.  An  Eastman  multishot  directional  survey 
instrument  within  the  barrel  records  the  bearing  and  plunge  of  the  hole,  and  the  relative 
orientation  of  the  scribed  reference  lines. 

This  device,  although  expensive,  can  give  successful  results  in  soft  rocks  where  the 
other  methods  fail. 
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FIGURE    2.    (a)   THE  CRAELIUS  CORE  ORIENTER  (ATLAS  COPCOABEM). 
(b)    TOP  PORTION  OF  CORE  ALIGNED  WITH  BOTTOM  OF 
CRAELIUS  CORE  ORIENTER  IN  AN  ALIGNMENT  DEVICE. 
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(COURTESY,  CHRISTENSEN  DIAMOND  PRODUCTS ) 


15 


2.3.3     The  Profile  of  Weathering 

The  most  important  qualification  for  personnel  involved  in  a  site  investigation 
program  in  an  area  of  transition  materials  (weathered  rock)  is  an  intimate  knowledge  of 
typical  profiles  (Deere  &  Patton,  1971).  As  noted  by  Goodman  (1976),  "the  outstanding 
feature  of  the  weathering  zone  is  extreme  variability  of  rock  quality."  Due  to  major  local 
variations,  both  vertical  and  horizontal,  the  significant  factors  which  dominate  (or 
control)  the  behavior  may  be  overlooked  or  misinterpreted  without  prior  knowledge  of 
their  possible  existence. 

A  boring  program  to  define  ground  conditions  in  an  area  of  transition  materials 
must  be  readily  adaptable  to  the  conditions  encountered.  An  anomaly  may  show  up  in  the 
first  borehole,  or  the  last,  but  the  proper  equipment  and  procedures  should  be  readily 
available  so  that  its  significance  relevant  to  the  project  can  be  determined.  Never  leave 
an  uninvestigated  anomaly! 

The  transition  from  "intact"  rock  to  soil  involves  two  processes  which  are  mutually 
dependent— chemical  and  physical  weathering.  The  extent  to  which  these  processes  alter 
a  certain  rock  mass  is  controlled  by  a  number  of  factors  such  as  1)  climate,  2)  rock 
structure,  e.g.,  joints  and  fissures,  slope,  stress  history,  etc.,  3)  rock  type,  e.g., 
mineralogy,  geologic  history,  ^)  vegetation,  and  5)  time.  The  relative  significance  of 
these  factors  is  not  constant  and,  as  a  result,  the  profile  of  weathering  takes  on  irregular 
forms. 

Peltier  (1950)  developed  a  hypothetical  relationship  for  the  types  of  weathering  as 
related  to  the  mean  annual  temperature  and  the  mean  annual  rainfall  (Figure  b).  This 
relationship  can  be  helpful  in  predicting  those  types  of  weathering  which  may  be 
encountered  during  field  investigations.  However,  it  must  be  kept  in  mind  that  present 
climate  conditions  may  not  be  those  under  which  a  majority  of  the  alteration  occurred. 

Ruxton  and  Berry  (1957),  whose  study  has  been  used  as  a  basis  for  many  later 
works,  discusses  the  development  of  the  weathering  profile  in  the  granitic  regions  of  Hong 
Kong.  They  describe  six  weathering  stages  through  which  the  ground  mass  passes  from 
intact  rock  through  "old  age"  (Figure  5).  This  progression  exists  from  the  ground  surface 
to  the  normal  low  groundwater  level.  If,  however,  there  is  a  disruption  in  this  sequence 
due  tc  changes  in  the  groundwater  regime,  climatic  conditions,  regional  uplift  or 
subsidence,  the  distribution  of  weathered  materials  may  exist  at  any  level.  The  zones  of  a 
mature  profile  of  weathering  in  granite  are  presented  in  Figure  5.  Although  the  work  of 
Ruxton  and  Berry  (1957)  is  in  direct  reference  to  the  granitic  regions  of  Hong  Kong,  where 
the  stratigraphy  is  uniform,  this  sequence  is  applicable,  in  general,  to  most  rocks. 

Decomposition  (chemical  weathering)  is  most  intense  where  water  penetrates  along 
pre-existing  planes  of  weakness  or  discontinuities,  such  as  joints  and  fissures,  where  the 
weathering  agents  can  act  over  considerable  periods  of  time.  Pure  water  is  not  a  very 
active  weathering  agent  but  rainwater,  having  been  in  contact  with  the  atmosphere,  is  an 
effective  one.  As  it  seeps  through  the  rock  its  potential  weathering  activity  decreases. 
This  is  why  the  intermediate  zone  of  less  weathered  rock  exists  (with  time  even  these  will 
be  altered  if  there  is  no  environmental  disturbance).  In  the  intermediate  zone,  chemical 
weathering  along  fractures  and  joints  results  principally  from  the  length  of  contact 
between  the  rock  and  water.  The  effect  of  this  can  be  seen  in  Figure  6.  Those  areas  that 
have  permitted  the  earliest  access,  and  therefore  longest  time  of  contact,  are  those  that 

16 


MEAN  ANNUAL  RAINFALL  (INCHES) 
80  60  40  20 


FIGURE  4.    DIAGRAMS  OF  PELTIER'S  (1950)  HYPOTHETICAL 
"MORPHOGENY  REGIONS"  BASED  ON  ANNUAL 
RAINFALL  /  TEMPERATURE   REGIMES    (DEARMAN, 
ET  AL.,  1978) 
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THE  STAGES  DEPICTED  ARE  A  FUNCTION  OF  TIME. 
A   AND  a  -YOUTHFUL;    C  -EARLY  MATURITY; 
D  -  MATURITY;   E-  LATE  MATURITY;    F-  OLD  AGE. 
THE  DASHED  LINE    AT  THE  BOTTOM  OF  THE  FIGURES 
INDICATES   THE  LIMIT  OF  NORMAL  WEATHERING. 

I    RESIDUAL  DEBRIS  -STRUCTURELESS  SAND,  CLAY 

OR  CLAYEY  SAND. 
II     RESIDUAL  DEBRIS  WITH  CORE  STONES-  CORE 
STONES  SUBORDINATE,  ROUNDED  AND  FREE. 

III  CORE  STONES  WITH  RESIDUAL  DEBRIS  -  CORE 
STONES  DOMINANT  RECTANGULAR  AND  LOCKED. 

IV  PARTIALLY  WEATHERED  ROCK  -  MINOR  RESIDUAL 
DEBRIS  ALONG   MAJOR  STRUCTURAL   PLANES, 
BUT  MAY  BE  CONSIDERABLY  I  RON -STAINED. 


FIGURE  5. 


DEVELOPMENT  SEQUENCE  OF  WEATHERING 
PROFILES  ON  GENTLE   SLOPES  IN  GRANITE 
IN  HONG  KONG  (RUXTON  AND  BERRY,  1957) 
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FIGURE  6.    TYPICAL  WEATHERING  PROFILE   FOR 
METAMORPHIC,  INTRUSIVE  IGNEOUS, 
AND  CARBONATE   ROCKS 
(DEERE  AND  PATTON,  I97I) 
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have  the  most  intense  weathering.    This  is  not  the  only  factor  involved  here,  but  it  is  an 
important  one. 

A  description  of  a  weathering  profile  for  igneous  and  metamorphic  rocks  is 
presented  in  Table  2. 

2.3.4    Borehole  Methods  in  Transition  Materials 

The  methods  used  to  advance  a  borehole  in  transition  materials  are  the  same  as  for 
soil  and  rock.  The  variable  nature  of  ground  masses  that  have  been  subjected  to 
weathering  necessitates  that  equipment  be  available  to  penetrate  both  soil  and  rock  on  an 
interchangeable  basis.  As  drilling  progresses  the  most  suitable  method  must  be  selected 
by  the  driller  on  the  basis  of  material  encountered,  rate  of  advance  and  available 
equipment. 

Sampling  in  transition  materials  is  also,  for  the  most  part,  performed  with  soil  and 
rock  equipment.  Sampling  must  be  done  with  great  care  in  these  materials.  Poor 
sampling  procedures  can  cause  disturbances  which  may  mask  potential  problems.  Unless 
care  is  taken,  reorientation  of  the  grain  structure,  destruction  of  residual  bonds  and/or  the 
washing  out  of  loose  filling  material  may  occur  during  the  sampling  operation.  In  that 
mass  characteristics  often  control  the  behavior,  changes  of  this  type  may  yield  samples 
that  do  not  accurately  portray  the  in  situ  materials  or  give  any  indication  of  their 
potential  behavior.  For  these  reasons,  no  core  barrel  less  than  NX  size  should  ever  be 
used  in  discontinuous  rocks  or  transition  materials  requiring  coring  (Goodman,  1976). 

The  triple  tube  core  barrel,  as  described  in  Section  2.3.2.1,  was  developed  for  use  in 
"completely  to  highly  weathered  granite."  This  type  of  barrel  is  very  useful  because  it 
not  only  protects  the  sample  from  the  washing  effects  of  the  drilling  fluid  but  also  helps 
to  prevent  the  relative  displacement  of  two  adjacent  discontinuity  surfaces. 

The  penetration  of  drilling  fluid  into  a  sample  of  transition  materials  can 
completely  change  the  character  of  discontinuity  surfaces.  Christensen  Diamond  Products 
Company  has  a  device  that  encases  the  core  in  a  tight  fitting  neoprene  sleeve  as  it  enters 
the  barrel.  This  protects  the  sample  both  from  the  influence  of  the  drilling  fluid  and  from 
migration  of  soft  materials  due  to  the  movement  of  pore  fluid. 

The  occurrences  of  soil-rock  interfaces  in  the  zone  of  transition  are  as  variable  as 
the  material  itself.  The  number  and  irregularity  of  these  interfaces  make  the  interchange 
of  tools  time-consuming  and  costly.  The  Snowy  Mountain  Hydroelectric  Authority 
(Berents,  1961)  designed  a  unit  that  can  sample  both  soil-like  and  rock-like  materials  as 
encountered.  It  consists  of  a  spring-loaded  sampling  tube  encased  in  a  NX  core  barrel. 
When  advanced  through  a  soil-like  material  the  sampler  precedes  the  coring  bit,  but  when 
rock-like  materials  are  encountered  (those  materials  which  can  resist  a  thrust  of  400 
pounds),  the  spring  would  compress  and  coring  would  commence. 

For  zones  of  unrecoverable  materials,  or  unknown  core  loss,  special  measures  must 
be  taken.  The  integral  sampling  method  developed  by  the  National  Civil  Engineering 
Laboratory  of  Portugal  (Rocha,  1971)  can  be  useful  in  obtaining  samples  for  examination. 
In  this  method  the  material  to  be  sampled  is  first  reinforced  and  stabilized  before  coring. 
A  small  hole  is  first  drilled  in  the  bottom  of  the  borehole.    A  steel  rod  is  inserted  in  the 
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hole  and  the  surrounding  soil  is  grouted.  Once  the  grout  has  hardened,  coring  can  proceed 
and  a  grouted  sample  obtained.  This  method  is  useful  where  others  fail,  but  the  time 
required  for  preparation  makes  it  expensive. 

In  materials  of  this  type,  where  mass  characteristics  can  control  rather  than 
physical  properties,  the  use  of  large-scale  openings  is  the  best  exploratory  approach.  The 
access  provides  the  only  reliable  means  of  mapping  the  orientation,  nature  and  extent  of 
the  secondary  structural  characteristics. 

2.3.5    Large  Openings 

Openings  other  than  borings  employed  in  subsurface  investigations  include  trenches, 
test  pits,  shafts,  adits,  and  pilot  bores.  Such  openings  permit  direct  inspection  of 
subsurface  materials,  may  permit  large-scale  testing  of  in  situ  materials,  and  may  permit 
observation  of  ground  behavior  over  a  period  of  time. 

Trenches  and  test  pits  are  generally  used  to  investigate  soil  or  weathered  rock  to 
depths  of  20  ft  or  less.  They  may  be  used  at  portal  areas  to  determine  depth  and 
character  of  overburden  and  to  identify  planes  of  weakness  which  may  cause  slope 
stability  problems.  Retrieval  of  samples  is  easily  facilitated  at  the  floors  of  trenches  and 
test  pits. 

Shafts  and  adits  are  useful  for  the  investigation  of  consolidated  sediments  and  rock 
conditions  at  greater  depths.  Shafts  may  serve  a  combined  function  as  an  exploration  tool 
during  the  subsurface  investigation  and  a  work  shaft  during  construction  operations. 
Shafts  may  be  useful  in  mapping  sets  of  discontinuities  which  intersect  the  shaft.  Shafts 
and  adits  permk  the  performance  of  large-scale  tests  in  situ. 

Pilot  bores  are  small  diameter  tunnels  driven  in  advance  of  the  main  tunnel.  Pilot 
bores  may  be  driven  within,  above,  or  to  one  side  of  the  final  alignment  cross-section. 
Pilot  bores  allow  a  thorough  investigation  of  subsurface  properties  and  conditions  first- 
hand. Instrumentation  of  pilot  bores  may  illustrate  deformation  characteristics  of  the 
ground  and  the  in  situ  state  of  stress.  Pilot  bores  are  generally  driven  in  advance  of  rock 
openings  and  are  excavated  using  conventional  drill  and  blast  techniques,  tunnel  boring 
machines,  or  by  means  of  road  headers. 

In  evaluating  data  from  large  openings,  consideration  must  be  given  to  the  "size 
effect,"  i.e.,  the  difference  in  size  between  the  exploratory  opening  and  the  tunnel  must 
be  taken  into  consideration  when  evaluating  the  impact  of  the  data  obtained  from  the 
opening  on  design  and  construction  of  a  tunnel. 


22 


3.0  IN  SITU  SITE  INVESTIGATION  TECHNIQUES 


3.1  INTRODUCTION 

Site  characterization  consists  of  both  in  situ  field  and  laboratory  testing 
techniques.  Previous  researchers  (Ash,  et  al.,  1974)  have  described  the  application  and 
use  of  some  of  these  testing  procedures  and  devices.  The  study  reported  herein,  which 
addresses  in  situ  testing  only,  evaluates,  compares,  and  discusses  the  type  and  accuracy  of 
information  obtained  by  the  various  tests.  A  summary  of  the  basic  field  subsurface 
investigation  techniques  considered  in  this  study  is  presented  in  Table  3.  These  techniques 
measure  the  average  properties  over  a  finite  area  and  yield  "local"  or  "global" 
characterizations  of  the  ground.  For  purposes  of  this  study,  local  characteristics  reflect 
the  subsurface  conditions  within  approximately  three  feet  from  the  measuring  device  and 
global  characteristics  reflect  the  ground  conditions  over  a  greater  distance  from  the 
measuring  device,  or  between  boreholes. 

3.2  BOREHOLE  TECHNIQUES  IN  SOIL 

3.2.1     Standard  Penetration  Test 

The  standard  penetration  test  measures  the  resistance  of  soil  to  driving  of  a 
standard  sampler  into  the  soil.  The  sampler  is  driven  a  distance  of  18  inches  with  a  140  lb. 
weight  falling  30  inches.  The  number  of  blows  required  to  drive  the  last  12  in.  is  called 
the  "blow  count,"  "standard  penetration  resistance,"  or  "N-value."  The  standard  procedure 
is  given  in  ASTM  D-1586  and  a  schematic  view  of  the  basic  test  components  is  shown  in 
Figure  7. 

The  literature  presents  numerous  references  on  the  uses  and  abuses  of  standard 
penetration  testing.  Table  4  lists  a  summary  of  significant  works  which  are  more  relevant 
to  an  evaluation  of  the  test  itself  than  to  correlations  among  representative  soil 
properties,  such  as  the  angle  of  internal  friction  (<}>)  or  the  relative  density,  (D  ). 

De  Mello  (1971)  noted  that,  "there  is  no  record  (with  the  exception  of  Hvorslev 
(1949),  Figures  111-114)  of  any  systematic  laboratory  or  field  research  into  the  static  or 
dynamic  phenomenon  of  the  penetration  of  sampling  spoons..." 

An  appraisal  of  Table  4  shows  that  only  recently  has  a  systematic  analysis  of  the 
standard  penetration  test  been  attempted.  Theoretical  and  field  parametric  studies  have 
investigated  the  influence  of  many  variables.  A  summary  of  the  variables  affecting  the 
standard  penetration  test  and  the  principal  investigator's  assessment  of  their  effect  on 
the  N-value  is  given  in  Table  5.  The  variables  are  the  same  as  shown  in  Figure  7. 

An  assessment  of  the  available  information  indicates  that  the  standard  penetration 
test  is  not  standard.  The  effect  of  several  variables  that  are  integral  components  of  the 
test  is  still  not  known.  Therefore,  the  standard  penetration  test  should  only  be  used  as  an 
index  test.  Care  must  be  taken  to  insure  proper  test  procedures  are  followed  and  that  the 
equipment  used  meets  the  necessary  standards. 
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TABLE  3.  SUMMARY  OF  FIELD  SUBSURFACE  INVESTIGATION 
TECHNIQUES  CONSIDERED  IN  THIS  STUDY 


Soil 
Borehole  Permeability  (G,  L) 
Borehole  Shear  (L) 
Cone  Penetration  (L) 
Field  Vane  Shear  (L) 
Geophysical  Methods  (L,G) 
Hydraulic  Fracture  (L) 
Permeability  (L,G) 
Piezometer  (L) 
Piezometer  Probe  (L) 
Pressuremeter  Test  (L) 
Standard  Penetration  (L) 


Rock 
Borehole  Camera  (L) 
Borehole  Dilatometer  (L) 
Borehole  Jack  (L) 
Borehole  Permeability  (L,G) 
Borehole  Shear  (L) 
Caliper  (L) 

Geophysical  Methods  (L,G) 
Hydraulic  Fracture  (L) 
Large  Scale  Testing/Monitoring  (L,G) 
Permeability  (L,G) 
Stress-Relief  (L) 


NOTE: 

(L)  =    Local  -   reflects  subsurface  conditions  within  about  3  feet  from  the  device 

(G)   =  Global  -  reflects  subsurface  conditions  over  distances  greater  than  3  feet 
from  the  device. 
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FIGURE   7.       SCHEMATIC    OVERVIEW    OF  INTERACTING    COMPONENTS 
OF  STANDARD   PENETRATION  TEST 
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TABLE  5.  ASSESSMENT  OF  THE  RELATIVE  EFFECT 

OF  VARIABLES  IN  STANDARD  PENETRATION  TEST 


System 
Components 

Variable 

Relative 
Effect 

Operator 

Consistency 

Seating  of  spoon  (overdriving) 

Carelessness 

3 
2 
3 

Hammer 

Lifter-Connector 
and  Interface 

Hammer            Type 

Lifter                Constant  height  of  lift 

Condition 

Effective  rate  of  operation 

Connectors       Type 

Condition 

3 
3 
3 
2 

2 
2 

Hammer 

Type 

Material 

Eccentricity  of  impact 

1 
1 
1 

Guide  Rod 

Verticality 
Material 

3 

1 

Segments  of 
Drill  Rod 

Size 

Material 
Length 
Effective  rigidity 

3 
2 
3 
3 

Joints  in 
Drill  Rod 

Tightness 
Number 

3 
3 

Drilling 
Mud 

Viscosity 
Density 
Constant  head 

2 
2 
2 

Rod-Mud  Interface 

Frictional  Characteristics 

1 

Borehole 

How  drilled 

Size 

Condition 

1 
3 
1 

Mud-Borehole 
Interface 

Relative  stiffness 

1 

Soil-Sampler 
Interface 

Relative  stiffness 

2 

Sampler 

Tip  condition 

2 

NOTE: 

1.  The  numeral  1  means  least  significant. 

2.  The  numeral  2  means  intermediate  significance. 

3.  The  numeral  3  means  most  significant. 
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3.2.2    Cone  Penetrometer 

The  cone  penetrometer  test  is  conducted  by  advancing  a  cone-shaped  measuring 
device  into  soil  at  a  constant,  or  varied,  rate  and  measuring  the  resistance  to  penetration. 
Table  6  (a)  lists  the  various  cone  penetrometer  systems  in  use,  including  the  tip  advance 
(method  and  rate),  and  the  general  usage  of  each  system.  Because  the  quasi  static  system 
is  most  commonly  used,  only  this  system  is  discussed  in  detail.  Table  6  (b)  shows  the  most 
commonly  used  mechanical  and  electrical,  quasi-static  methods.  Table  7  shows  some  of 
the  factors  that  influence  data  obtained  from  cone  penetrometer  tests  and  an  estimate  of 
the  relative  significance  of  each  factor. 

Figure  8  shows  schematics  of  the  two  measuring  types  of  cone  penetrometers  which 
are  most  commonly  used  in  North  America.  These  penetration  devices  measure  the  cone 
resistance  (q  )  which  is  obtained  as  the  tip  alone  is  advanced,  and  the  friction  sleeve 
resistance  (f  1  which  is  obtained  along  with  the  cone  resistance  as  the  cone  and  friction 
sleeve  are  advanced  together.  Although  a  considerable  amount  of  research  has  been 
conducted  in  an  attempt  to  determine  soil  parameters  from  these  measurements,  a 
standard  method  of  interpreting  q    and  f  does  not  exist. 

No  attempt  is  made  in  this  report  to  present  a  detailed  summary  of  work  on  cone 
penetrometer  testing  as  several  publications  (Sanglerat,  1972;  European  Symposium  on 
Penetration  Testing,  Stockholm,  1974;  Conference  on  the  In-Situ  Measurement  of  Soil 
Properties,  North  Carolina,  1975)  provide  excellent  summaries  of  the  state-of-the-art. 

Several  researchers  have  attempted  to  correlate  results  from  the  cone 
penetrometer  test  with  other  soil  properties  including  the  angle  of  internal  friction  ( <f>  ) 
modulus  (E  )  the  relative  density  of  sands  (Df )  and  the  undrained  shear  strength  of  clays 
(S  ).  Table  8  shows  the  derived  parameter  from  several  references  on  penetrometer 
interpretation  theories.  The  cone  penetrometer  test  is  also  used  to  estimate  soil  type  and 
the  standard  penetration  test  value  (N)  from  developed  correlations  such  as  those 
presented  and  discussed  in  Chapter  5  of  this  report. 

Two  major  factors  account  for  the  apparent  stalemate  in  the  development  of  a 
generally  accepted  method  of  interpreting  the  significance  of  q  and  f  .  Firstly,  the  soil 
response  to  probe  penetration  involves  simultaneous  mobilization  of  shear  strength, 
compressibility  and  permeability  of  the  soil;  whereas,  these  characteristics  have  been 
traditionally  analyzed  as  separate  entities.  Secondly,  significant  controllable  factors  are 
known  to  affect  the  soil  parameters  obtained  from  penetrometer  tests. 

Table  9  shows  the  basic  differences  in  the  most  significant,  common  factors 
between  the  conventional  ways  of  obtaining  parameters  and  the  cone  penetrometer 
technique.  Differences  of  several  orders  of  magnitude  exist  between  the  duration  of  test 
and  rate  of  test  factors.  Therefore,  the  conventional  and  penetrometer  tests  should  not 
be  expected  to  yield  equivalent  parameter  values  in  view  of  the  differences  in  testing 
procedure,  and  mechanisms  of  failure. 

Cone  penetrometer  testing  is  a  valuable  tool  for  defining  soil  stratification  and 
layering.  However,  estimates  of  <f>,  c,  E,  or  relative  density,  calculated  from  the  q  and 
fs  values,  should  be  correlated  with  existing  soil-penetrometer  relationships  which  Save 
been  developed  under  similar  conditions. 
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TABLE  7.   FACTORS  INFLUENCING  CONE 
PENETROMETER  TEST 


Factor 


Relative  Significance 


Type  of  Cone 

Size  of  Cone 

Tip  Advance  Method 

Rate  of  Advance 

Duration  of  Test 

Disturbance 

Verticality  of  Cone 

Depth  of  Test 

Material  Tested 

Pore  Pressure  Effects 

Assumptions  in  Calculation  Procedure 


1 
1 
2 
3 
2 
3 
2 
1 
2 
2 
3 


NOTE; 

1.  The  numeral  1  means  least  significant. 

2.  The  numeral  2  means  intermediate  significance. 

3.  The  numeral  3  means  most  significant. 
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TABLE  8.    SOIL  PROPERTIES  CORRELATED  WITH 
CONE  PENETRATION  DATA 


Soil  Property 

Reference 

(A 
4) 

U 

8 

1 
(0 

U 

00 

c 

i. 
(0 

V 

■•H 

1 

2 

Es 

Su 

* 

Buisman  (1940) 
Terzaghi  (1944) 
Muh  and  Weiss  (1971) 
Melzer  (1971) 
Sanglerat  (1972) 
Sanglerat,  et  al.  (1972) 
Janbu  and  Sennesel  (1974) 
Durgunoglu  and  Mitchell  (1975) 

Cavity  Expansion 
Theories 

♦ 
Es 

Skempton  ,  et  al.  (1953) 
Ladanyi  (1967) 
Vesic'(1972) 
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3.2.3    Pressuremeter 

The  pressuremeter  test  determines  the  stress-strain  characteristics  of  the  material 
immediately  beyond  the  side  walls  of  the  borehole.  The  test  essentially  simulates  the 
axisymmetric  expansion  of  the  side  walls  of  the  hole  due  to  an  applied  uniform  pressure. 
This  test  is  valid  in  both  granular  and  cohesive  soils  and  can  also  be  used  to  determine 
lateral  stresses  in  the  soil  adjacent  to  a  borehole. 

In  the  test  procedure,  the  pressuremeter  is  lowered,  or  self-placed,  in  an  uncased 
borehole  and  expanded  against  the  side  wall  of  the  borehole  by  applying  fluid  (liquid  or 
gas)  pressure  to  the  device.  Fluid  pressure  is  applied  to  the  guard  cells  and  the  measuring 
cell  in  increments  and  measurements  are  made  of  the  changes  in  pressure,  volume,  or 
diameter  of  the  measuring  cell,  and  of  the  temperature  and  the  time.  Figures  9  and  10 
show  two  examples  of  pressuremeter  probes  currently  in  use. 

The  parameters  that  can  be  obtained  are  the  limit  pressure  (PL),  at  rest  earth 
pressure  coefficient  (K  ),  the  elastic  modulus  (E),  angle  of  internal  friction  (  <j>  ),  angle  of 
dilation  (  v  ),  the  undrained  shear  strength  (S  )  and  the  shear  modulus  (G).  Table  10  lists 
the  parameter(s)  that  can  be  obtained  by  pressuremeter  tests  and  the  methods  of 
interpretation. 

Several  investigators  have  conducted  theoretical,  laboratory  and  field  parametric 
studies  to  assess  the  validity  of  the  assumptions  of  the  interpretation  methods  and  to 
check  the  effect  of  the  variables  in  the  test  procedures  on  the  results  obtained.  Table  11 
summarizes  some  of  the  major  works  in  this  regard.  Table  12  summarizes  the  relative 
significance  of  the  variables  shown  with  respect  to  the  parameters  desired  from  the  test, 
based  on  a  review  of  the  literature. 

It  has  been  noted  (Amar,  et  al.,  1975)  that  much  work  remains  to  be  done  with 
respect  to  quantifying  and  interpreting  the  data  from  the  pressuremeter  test.  Major 
problems  arise  because  standard  methods  of  conducting  and  interpreting  the  test  data  do 
not  exist.  The  factors  (Table  12)  in  the  various  test  procedures  contribute  in  an  unknown 
manner  to  each  test  result  making  it  difficult  to  evaluate  the  technique.  In  addition,  the 
manner  in  which  the  factors  interact  with  each  other  has  not  been  clearly  identified  and 
quantified.  The  result  is  that  data  obtained  using  one  test  procedure  cannot  be  directly 
correlated  with  data  obtained  using  a  different  procedure.  However,  some  preliminary 
correlations  have  been  presented  (Ladd,  1980). 

Although  some  researchers  (Table  11)  have  recently  performed  theoretical, 
laboratory  and  field  parametric  studies,  additional  studies  should  be  undertaken  that  will 
improve  the  pressuremeter  test. 

The  available  information  indicates  the  following  uses  for  the  -pressuremeter  test 
and  data: 

1.  The  pressuremeter  test  can  currently  be  used  to  compare  soil  responses 
under  specific  test  conditions  when  using  a  specific  test  procedure  and  data 
interpretation  technique. 
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FIGURE    9.         SCHEMATIC    OF   CAMBRIDGE    IN    SITU   INSTRUMENT 

SHOWING    STRESS  GAUGES  (WROTH    &  HUGHES,  1973) 
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FIGURE    10.  SCHEMATIC    OF      AUTOFOREUSE        PROBE 

(  BAGUELIN,  ET    AL.,   1972) 
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TABLE  12.  RELATIVE  EFFECT  OF  FACTORS  ON  PARAMETERS 
(PRESSUREMETER  TEST) 


Parameter 
Factor 

K 

o 

Modulus 
G,   E, 

PL 

C 

u 

Angle  of 
Dilation 

4> 

Peak 

Ultimate 

Borehole 
Quality 

3 

3 

1 

3 

1 

Unit  Wt.  of 
Drill  Fluid 

1/2 

1/2 

1/2 

1 

1 

Diameter  of  Hole 
Diameter  of  Probe 

2 

3 

2 

1 

1 

Relaxation 
Time 

3 

3 

1 

1/2 

1 

Length  of  Probe 
Diameter 

1/2 

1 

Time 
Increment 

Magnitude  of 
First  Pressure 
Increment 

3 

Magnitude  of 

Pressure 

Increment 

3 

Pressure  Diff. 
Between  Guard 
Cell  &  Measuring 
Cell 

2 

Volume  of 
Measuring  Cell 

Length 

3 

Total  Time 

2/3 

Poisson's  Ratio 

3 

Orientation 

NOTE: 


1.  The  numeral  1  means  least  significant. 

2.  The  numeral  2  means  intermediate  significance. 

3.  The  numeral  3  means  most  significant. 
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2.  The  parameters  obtained  should  be  used  directly  in  analysis  and  design  only 
after  considerable  experience  with  a  specific  device,  test  procedure, 
interpretation  technique,  analysis  and/or  design  procedure  has  been 
accumulated. 

3.2.4  Vane  Shear 

* 

The  first  article  about  the  vane  shear  apparatus  was  published  by  Carlson  (1948). 
This  apparatus  was  further  developed  by  Cadling  and  Odenstad  (1950)  for  evaluating  the 
shearing  resistance  of  saturated  clay  soils.  In  this  test  a  vane  (Figure  11)  is  pressed  into 
the  undisturbed  soil  and  a  torque  is  slowly  applied  to  the  connecting  rod  attached  to  the 
vane.  The  maximum  or  ultimate  value  of  the  torque  is  used  to  calculate  the  undrained 
shear  strength  of  the  in  situ  soil. 

Table  13  shows  several  factors  that  influence  the  data  from  the  vane  shear  test  and 
the  relative  significance  of  each  factor. 

A  considerable  variety  of  research  has  been  conducted  on  the  vane  shear  test. 
However,  a  generally  accepted  method  of  interpreting  the  results  does  not  exist.  Factors 
that  inhibit  acceptance  of  a  general  interpretation  theory  include: 

•  The  effects  of  disturbance  are  not  easily  quantifiable. 

•  The  dissimilarity  between  the  mode  of  failure  in  the  vane  shear  test  and  in 
an  actual  prototype  failure  surface. 

•  The  applicability  of  using  either  a  total  stress  analysis  or  effective  stress 
analysis  is  not  known. 

•  The  effect  of  anisotropy  of  soil  cannot  be  adequately  assessed. 

3.2.5  Borehole  Shear 

The  borehole  shear  test  can  be  used  to  develop  the  Mohr-Coulomb  envelope  for  soil 
material  immediately  adjacent  to  the  borehole.  In  the  test  procedure,  an  expandable 
shear  head  (Figure  12)  is  lowered  into  a  pre-bored,  uncased  borehole.  The  shear  force  is 
then  applied  from  the  surface  to  the  shear  head  and  measured.  The  fluid  pressure  (normal 
force)  is  increased  and  the  cycle  is  repeated.  The  Mohr-Coulomb  envelope  is  obtained 
from  a  plot  of  maximum  shear  force  versus  the  corresponding  normal  pressure.  The 
parameters  that  can  be  obtained  are  the  unit  cohesion  (c),  and  the  angle  of  internal 
friction  (<(>),  using  the  conventional  Mohr-Coulomb  strength  interpretation  theory. 

Table  14  shows  some  principal  factors  affecting  the  properties  obtained  from  the 
borehole  shear  test  and  an  assessment  of  their  relative  significance.  The  factors  that 
have  a  major  influence  on  the  parameters  are  intrinsic  in  the  test  procedure.  For 
example,  error  due  to  edge  effect  will  always  exist  once  the  shear  head  is  seated  (Figure 
13).  Moreover,  in  order  to  eliminate  this  source  of  error,  adequate  seating  would  have  to 
be  sacrificed  which  would,  in  turn,  introduce  an  error  comparable  to  the  edge  pressure 
effect.  Therefore,  an  error  due  to  this  characteristic  of  the  test  is  difficult  to  eliminate. 
The  optimum  balance  necessary  to  produce  the  smallest  error  due  to  these  effects  is  not 
known. 
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FIGURE    II.  SCHEMATIC    OF    FIELD   VANE    TEST 

(CADLING    AND    ODENSTAD,  1950) 
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TABLE  13.  FACTORS  INFLUENCING  THE  VANE  SHEAR  TEST 


Factor 

Relative  Significance 

Size  of  Vane 

1 

Shape  of  Vane 

1 

Thickness  of  Vane 

2 

Rate  of  Torque  Application 

3 

Drainage  Conditions 

3 

Relaxation 

3 

Diameter  of  Connecting  Rod 

2 

Disturbance 

3 

Pore  Pressure  Effects 

3 

Assumption  in  Calculation  Procedure 

3 

Verticality  of  Vane 

3 

Anisotropy  of  Soil 

3 

NOTE; 

1.  The  numeral  1  means  least  significant. 

2.  The  numeral  2  means  intermediate  significance. 

3.  The  numeral  3  means  most  significant. 
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FIGURE    12.  SCHEMATIC     OF    BOREHOLE    SHEAR    DEVICE 
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TABLE  14.  BOREHOLE  SHEAR  TEST  -  RELATIVE 
EFFECT  OF  FACTOR  ON  MEASURED 
PROPERTIES 


Factor 

Measured  1 

Property 

Internal 
Friction 

Cohesion 

1. 

Shear  rate 

2 

2 

2. 

Verticality  of  hole 

2 

2 

3. 

Drainage  conditions 

3 

3 

4. 

Seating  of  shear  head  teeth 

3 

3 

5. 

Possible  failure  of  wall  of 
hole  during  intermediate 
steps 

3 

3 

6. 

Degree  of  saturation 

1 

2 

7. 

Edge  effects 

3 

3 

8. 

Strain  levels 

3 

3 

9. 

Drilling  fluid 

3 

3 

NOTE: 

1.  Numeral  1  indicates  least  significant  effect. 

2.  Numeral  2  indicates  intermediate  significant  effect. 

3.  Numeral  3  indicates  most  significant  effect. 
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FIGURE    13.  SCHEMATIC    OF  INTERRELATION    BETWEEN    EDGE 
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The  main  advantage  of  this  test  is  the  simplicity  of  obtaining  the  properties  c  and 

<J> .      The  main  disadvantage,  as  in  the   pressuremeter   test,  arises  from   the  lack  of 

knowledge  about  the  interaction  of  the  significant  variables.   This  disadvantage  diminishes 

the  advantage  of  simplicity,  because  the  obtained  properties  cannot  be  related  to  the 

material  properties  that  are  important  in  design. 

The  information  available  at  the  present  time  indicates  the  following  uses  for  the 
borehole  shear  test  and  data: 

1.  The  borehole  shear  test  can  be  used  for  a  comparison  of  c  and  <j>  at  a  site. 

2.  The  c  and  <J>  values  obtained  should  be  used  directly  in  design  only  after 
considerable  experience  with  a  specific  device,  test  method  and 
interpretation  technique  has  been  accumulated. 

3.2.6    Hydraulic  Fracture 

The  hydraulic  fracture  test  indirectly  measures  the  lateral  stress  in  subsurface 
materials.  In  the  test  procedure,  the  pressurized  element  is  inserted  into  a  borehole  (or 
pushed  into  the  ground)  and  expanded  against  the  ground  by  increasing  the  hydraulic 
pressure  until  the  fluid  flow  volume  increases  with  no  significant  increase  in  applied 
pressure.  Under  this  condition,  the  borehole  wall  is  assumed  to  have  fractured.  Since  the 
regional  stress  field  is  defined  by  three  orthogonal  principal  stresses,  one  of  which  is 
assumed  to  coincide  with  the  axis  of  the  borehole,  the  fracture  occurs  in  a  direction 
normal  to  maximum  induced  tensile  stress. 

When  fracture  occurs,  the  in  situ  minor  stress  is  assumed  to  have  been  exceeded. 
The  in  situ  minor  principal  stress  is  considered  to  be  either:  (1)  The  pressure  at  which 
there  is  no  significant  normal  pressure  change  but  there  is  significant  volume  change 
during  the  applied  pressure  increasing  phase,  or  (2)  the  pressure  at  which  little  or  no 
measured  flow  occurs  as  the  applied  pressure  slowly  decreases. 

The  hydraulic  fracture  test  measures  the  minor  principal  stress,  °-$  .  From  this 
value  and  a  separately  determined  value  of  ai  ,  often  assumed  to  be  t  H  for  the  vertical 
stress,  the  coefficient  of  earth  pressure  at  rest,  K  ,  can  be  calculated  using  the  equation, 

Ko=a3/a1- 

Figure  14  is  a  schematic  diagram  of  the  basic  field  set  up,  the  actual  pressure 
element,  and  the  model  used  in  the  development  of  several  interpretation  theories.  Table 
X5  lists  some  important  works  on  hydraulic  fracturing. 

Although  the  hydraulic  fracture  technique  has  been  used  in  the  oil  industry  for 
several  years  (Hubbert  and  Willis,  1957),  its  application  in  geotechnical  engineering  has  only 
recently  been  investigated.  An  appraisal  of  the  references  listed  in  Table  15  shows  that 
the  study  of  the  hydraulic  fracture  concept  apparently  is  focused  on  two  areas:  (1)  the 
internal  stability  of  dams,  and  (2)  the  determination  of  the  coefficient  of  lateral  earth 
pressure  at  rest,  K  . 

The  hydraulic  fracture  technique  has  been  used  in  subsurface  materials  such  as 
rock,  natural  soil  deposits,  and  compacted  soils.  In  rock,  this  technique  has  been  used  to 
determine  K  and  to  evaluate  the  rock  pressure  normal  to  a  crack  system.  In  compacted 
soil  deposits,  the  hydraulic  fracture  technique  has  been  used  to  analyze  the  potential  for 
the  formation  of  cracks  in  the  core  of  earth  dams. 
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Based  on  a  review  of  the  literature,  Table  16  assesses  the  factors  influencing  the 
results  obtained  by  hydraulic  fracture. 

3.2.7    Permeability  Tests  in  Soil 

Permeability  of  a  medium  is  a  measure  of  the  ability  of  that  medium  to  transmit  a 
fluid.  Knowledge  of  the  permeability  of  soil  may  be  useful  in  estimating  behavior  of  a  soil 
mass  during  excavation  and  construction,  for  selecting  and  designing  a  method  of 
groundwater  control  such  as  dewatering,  compressed  air,  grouting,  or  freezing,  or  for 
estimating  the  effectiveness  of  a  soil  stabilization  procedure,  such  as  grouting. 

Permeability  tests  performed  in  situ  yield  more  representative  permeability  values 
than  tests  performed  in  the  laboratory.  One  or  several  laboratory  samples  may  not  be 
representative  of  the  soil  mass;  relatively  small  samples  may  not  include  larger  scale 
heterogeneities  such  as  seams,  lenses,  strata,  or  faults. 

Table    17   shows   a   method   of    categorizing   field    permeability   tests   and   lists 
references   that   describe  the  test  procedures,  interpretation  theories,  data  reduction 
"methods,  and  major  determined  parameters. 

Table  18  shows  the  principal  properties  obtained  from  field  permeability  tests.  The 
relative  effect  of  controllable  factors  influencing  each  property  for  tests  in  both  soil  and 
rock  is  also  shown  in  Table  18. 

Table  19  lists  the  principal  assumptions  of  the  continuum  and  discontinuum 
approaches  which  form  the  basis  of  the  field  test  data  interpretation  theories.  Some  of 
the  more  important  references  on  research,  concerning  factors  influencing  flow  of  water 
through  subsurface  materials,  are  indicated  on  Table  19. 

Milligan  (1975)  has  assessed  several  methods  of  determining  the  general  hydraulic 
characteristics  of  subsurface  materials.  A  summary  of  his  assessment  is  shown  in  Table 
20. 

Historically,  most  methods  of  assessing  hydraulic  characteristics  of  subsurface 
materials  were  actually  developed  for  specific  use  in  water  well  technology  or  foundation 
engineering.  Particular  characteristics  that  arise  in  tunneling  have  received  little 
attention  from  the  research  community.  Table  21  shows  an  assessment  of  the  state-of- 
the-art  of  the  determination  of  hydraulic  characteristics  of  subsurface  materials  in 
tunneling.  Table  21  also  indicates  that  the  methods  of  assessing  water-related 
characteristics  in  tunneling  are  generally  fair  to  poor. 

It  has  been  shown  that  a  variety  of  tests  exists  for  evaluating  the  in  situ 
permeability  of  soils.  Tests  may  incorporate  one  borehole  or  several  boreholes 
simultaneously.  Discussion  of  these  tests  is  divided  into  three  types:  variable  head; 
constant  head;  and  pump  tests. 

3.2.7.1    Variable  Head  Tests 

Variable  head  tests  are  non-equilibrium  tests  performed  in  single  boreholes,  and 
involve  changing  the  groundwater  lewel  by  pumping  water  from  or  into  the  borehole  for  a 
period  of  time,  stopping  pumping,  and  recording  the  return  of  the  water  level  to  the  pre- 
test position.  A  rising  head  test  is  conducted  by  pumping  water  out,  which  lowers  the 
water  level  in  the  borehole,  and  recording  the  level  as  it  rises.    Similarly,  a  falling  head 

50 


TABLE  16.  ASSESSMENT  OF  FACTORS  INFLUENCING  RESULTS 
OBTAINED  BY  HYDRAULIC  FRACTURE 


Factor 

Rating 

Direction  of  Crack  Formation 

3 

Tensile  Strength 

3 

Air  in  Hydraulic  System 

1 

Type  of  Fluid 

2 

Disturbance  of  Bore  Hole 

3 

Non-horizontal  Ground  Surface 

1 

Geometry  of  Pressure  Element 

2 

Initial  Stress  Condition 

3 

Initial  Porewater  Pressure 

3 

Magnitude  of  Pressure  Head 

2 

Rate  of  Change  of  Pressure  Head 

2 

Orientation  of  Pressure  Element  Relative  to  In  Situ  Structure 

3 

NOTE; 

1.  Numeral  1  indicates  least  significance. 

2.  Numeral  2  indicates  intermediate  significance. 

3.  Numeral  3  indicates  most  significance. 
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TABLE  17.  FIELD  PERMEABILITY  TESTS 


Flow 
Condition 

One  Borehole 

More  Than  One  Borehole 

Steady 
State 

Permeability 

NAVFAC  (1971) 
USBR  (1974) 

Lugeon  Units 

Serafin  (1972) 

Coefficient  of  Water  Loss 
de  Mello  and  de  Cruz 
(1960) 

Permeability 

Glover  (1966) 

Saad  (1967) 

Wilson  and  Witherspoon 
(1970) 

Gringarten  and  Wither- 
spoon (1972) 

Non  Steady 
State 

Permeability 

Hvorslev  (1951) 
NAVFAC  (1971) 
Maini  (1971) 
Maini,  et  al.  (1972) 
USBR  (1974) 

Storage  Coefficient/ 
Transmissibility 

Theis  (1935) 

Jacob  (1950) 

Chow  (1952) 

Kruseman  and  De  Ridder 
(1970) 

Permeability 

Glover  (1966) 

Other 

Permeability  (Tracer) 
Lewis,  et  al.  (1966) 
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TABLE  19.  SOME  BASIC  ASSUMPTIONS  AND  REFERENCES 
ON  PERMEABILITY 


j 
1 

Continuum 
Approach 

Discontinuum 

Approach 

! 

I 

1 
[ 

! 
i 

Assumptions 

Medium  is 
homogeneous 
isotropic  or 

anisotropic 
Zones  of  influence  are 

(1)  Ellipsoidal, 

(2)  Radial,  or 

(3)  Spherical 

Medium  is  a                   ; 
system  of  parallel 
plates.  Spaces 
between  plates 
constitute  fissures 
and  fissure  systems 

Some 
Major 
References 

Darcy  (1856) 
Harr  (1962) 
Trollope,  et  al.  (1971) 
Maini,  et  al.  (1972) 

Snow  (1965) 

Londe  and  Sabarly  (1966) 

Snow  (1968)                     , 

Bernaix  (1969)                 j 

Louis  (1969) 

Sharp  (1970) 

Wilson  and  Witherspoon 

(1970) 
Maini  (1971) 
Brekke,  et  al.  (1972) 
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TABLE  21.  DETERMINATION  OF  HYDRAULIC  CHARACTERISTICS 
IN  TUNNELING 


Characteristics 

Soils 

Rock 

z 
o 

Q 

Hydraulic 

Pressure 

Determination 

Fair  to  Good 

Fair  to  Good 

Z 

o 

*-* 

H 

u 

D 

H 
CO 

Z 

o 
u 

Quantity  of 
Flow 

Poor  to  Fair 

Poor 

Defining 
Zone  of 
Influence 

Poor  to  Fair 

Poor 

Assessing 
Effects  in 
the  Zone  of 
Influence 

Fair 

Fair 

Assessing 
Drying  - 
Out  Potential 

Fair  to  Poor 

Poor 

Assessing 
Effects  on 
Construction 
Equipment 

Fair 

Fair 
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test  is  conducted  by  pumping  water  in,  which  raises  the  water  level  in  the  borehole,  and 
recording  the  water  level  as  it  falls. 

A  test  section  within  the  borehole  may  be  created  by  leaving  the  lower  portion  of  a 
borehole  uncased.  If  caving  ground  is  anticipated,  perforated  casing  can  precede  the  non- 
perforated  casing.  If,  after  driving  non-perforated  casing,  it  is  observed  that  the  test 
section  will  not  stand  unsupported,  gravel  can  be  used  to  support  the  uncased  test  section. 

The  classic  reference  for  analysis  of  variable  head  tests  below  the  groundwater 
table  was  written  by  Hvorslev  in  1951.  Schmid  and  Kirkham  (Schmid,  1967)  have  provided 
alternate  solutions,  and  Schmid  (1967)  has  demonstrated  that  the  three  methods  yield 
consistent  permeability  values  within  a  range  of  a  factor  of  2. 

The  three  methods  of  analysis  assume  1)  that  the  soil  is  saturated,  2)  that  the  pre- 
test groundwater  level  is  constant  or  predictable  with  time,  3)  that  the  soil  is 
incompressible,  and  4)  that  the  shape  factor,  which  is  a  function  of  the  test  section 
geometry,  is  constant  throughout  the  test. 

Schmid  has  also  provided  a  solution  for  falling  head  tests  above  the  groundwater 
table.  This  solution  requires  assumptions  concerning  the  degree  of  saturation  and  porosity 
of  the  soil  mass.  Consequently,  falling  head  tests  can  only  give  a  rough  estimate  of 
permeability  when  used  above  the  groundwater  table. 

Variable  head  tests  are  most  accurate  when  used  in  soils  of  relatively  high 
permeability  (greater  than  10"    cm/sec)  such  as  sands  and  gravels. 

Variation  of  horizontal  permeability  with  elevation  may  be  obtained  by  "stage 
testing",  i.e.,  performing  tests  at  various  intervals  as  the  borehole  is  advanced  and  cased. 
Stage  testing  in  several  boreholes  is  suggested  to  obtain  a  range  of  permeability  values. 

Milligan  (1975)  notes  that  falling  head  tests  may  tend  to  clog  the  test  section  and 
give  a  low  permeability  value  while  rising  head  tests  may  cause  erosion  of  fines  and  give  a 
high  permeability  value.  Milligan  suggests  the  geometric  mean  of  these  values  as  more 
representative  of  the  permeability: 

k  =  V(kr)  (kf) 

where  k  =  permeability 

k  =  permeability  value  obtained  from  a  rising  head  test 

kf  =  permeability  value  obtained  from  a  falling  head  test 

CRourke,  et  al.  (1977),  summarizes  work  by  others  and  presents  test  performance 
specifications,  equipment  requirements,  and  methods  of  analysis  for  variable  head  tests. 
Further  discussion  of  variable  head  tests  is  given  by  Hvorslev  (1951),  U.S.  Bureau  of 
Reclamation  (1974),  and  Milligan  (1975). 
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3.2.7.2  Constant  Head  Tests 

Constant  head  tests  are  equilibrium  tests  and  consist  of  pumping  water  into  a 
borehole  at  a  rate  which  maintains  a  constant  excess  pressure  applied  to  the  test  section. 
The  test  can  be  conducted  within  a  single  borehole,  however  more  representative 
permeability  values  may  be  obtained  if  water  levels  are  recorded  in  holes  located  some 
distance  from  the  borehole,  called  observation  wells.  An  equivalent  approach  to  the 
constant  head  test  is  the  constant  flow  test,  wherein  water  is  applied  so  that  a  constant 
flow  rate  to  the  section  is  maintained.  Although  analysis  is  the  same  for  both  tests,  the 
constant  head  test  is  easier  to  conduct,  and  therefore  more  popular. 

There  exist  several  means  of  measuring  the  excess  pressure  applied  during  the  test. 
If  the  test  section  consists  of  an  uncased  length  at  the  bottom  of  a  cased  borehole,  the 
easiest  method  is  to  maintain  the  water  level  at  the  top  of  the  casing.  If  the  test  section 
is  above  the  water  table,  the  water  level  should  be  maintained  at  the  top  of  the  test 
section.  Water  level  can  be  monitored  within  the  borehole  with  weighted  tapes  or 
electrical  sensing  devices. 

Flow  to  the  test  section  is  generally  measured  with  a  flow  meter.  In  soils  with  low 
permeability,  small  flow  quantities  may  be  more  accurately  measured  by  observing  the 
amount  of  water  poured  into  the  borehole  over  a  minute's  time  from  a  calibrated 
container. 

Analysis  methods  are  available  for  constant  head  tests  conducted  in  saturated  and 
unsaturated  soils,  for  a  wide  variety  of  well  geometries,  and  for  tests  conducted  with  and 
without  observation  wells.  Hvorslev  (1951)  developed  the  basic  analysis  for  constant  head 
tests  in  saturated  soils.  His  assumptions  are  the  same  as  those  given  in  Section  3.2.7.1, 
Variable  Head  Tests.  Schmid  (1967)  has  developed  a  solution  for  when  data  from  one  or 
more  observation  well  is  available.  Schmid's  solution  gives  the  permeability  over  a  larger 
area  and  is  less  influenced  by  local  variations  in  the  soil  medium.  Other  analysis  methods 
include  those  by  Cornwell  (in  Zangar,  1953),  which  is  similar  to  Hvorslev's,  by  Gibson,  who 
considers  the  compressibility  of  soils,  and  by  Hvorslev  (1951),  who  provides  solutions  for 
linear  and  sinusoidal  fluctuation  in  base  groundwater  levels. 

The  USBR  (1951)  has  developed  solutions  for  tests  conducted  in  unsaturated  soils: 
for  a  zone  above  the  groundwater  table  saturated  by  capillary  action;  and  for  an 
unsaturated  soil  overlying  an  impermeable  layer. 

Further  discussion  of  equipment,  performance,  and  analysis  of  constant  head  tests 
is  given  by  O'Rourke,  et  al.  (1977). 

3.2.7.3  Pump  Tests 

Pump  tests  consist  of  either  pumping  water  out  of  a  borehole  at  a  constant  rate 
(discharge)  and  observing  drawdown,  or  observing  pumping  rate  (discharge)  required  to 
maintain  a  constant  drawdown.  The  former  test  is  called  a  constant  discharge  test;  the 
latter,  a  constant  drawdown  test. 

Constant  discharge  tests  incorporate  a  pumped  well  and  one  or  more  observation 
wells.  Accuracy  of  the  obtained  permeability  value  is  dependent  upon  placement  and 
number  of  observation  wells,  as  well  as  homogeneity  of  the  ground.    Constant  discharge 
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tests  can  evaluate  the  permeability  of  a  larger  volume  of  soil  than  other  tests  conducted 
within  single  boreholes.  Guidelines  for  well  preparation,  pump  requirements,  and  test 
procedures  are  available  in  the  literature.  A  partial  list  of  references  is  given  below 
(Table  22). 


TABLE  22.      REFERENCES  FOR  CONSTANT  DISCHARGE  TEST 

Topic References 

Well  Preparation  Todd  (1959),  Walton  (1970),  AWWA  (1966), 

and  Location  USBR  (1951),  Wenzel  (1942),  Kruseman  and 

De  Ridder  (1970),  0*Rourke,  et  al.  (1977) 

Pump  Requirements  Todd  (1959),  USBR  (1951),  Walton  (1970) 

Test  Procedure  USBR  (1951),  Kruseman  and  De  Ridder  (1970), 

O'Rourke,  et  al.  (1977) 


Data  obtained  from  a  constant  discharge  test  will  consist  of  a  tabulation  of  water 
level  and  time  since  start  of  pumping,  measured  according  to  a  prescribed  time  schedule, 
for  the  pumped  well  and  observation  wells.  A  variety  of  analysis  methods  exists  for 
constant  discharge  tests,  each  applicable  to  a  set  of  hydrologic  conditions  and 
assumptions.  Three  such  methods  are  Jacob's  straight  line  method,  the  type  curve  fitting 
method,  and  the  equilibrium  formula  method.  The  first  two  methods  are  solutions  for  non- 
equilibrium  conditions,  i.e.,  a  steady-state  condition  between  discharge  and  drawdown  is 
not  achieved.    The  latter  method  is  a  solution  for  equilibrium,  or  steady-state  conditions. 

Jacob's  straight  line  method  requires  plotting  drawdown  vs.  log  time  for  each 
observation  well,  or  drawdown  vs.  log  radius  (radial  distance  from  pumped  well  to 
observation  well)  at  a  given  time,  for  a  series  of  observation  wells.  Slopes  of  straight 
lines  fitted  to  the  semi-log  plots  are  used  to  calculate  the  permeability. 

This  curve  fitting  method  involves  plotting  drawdown  versus  time  on  a  log-log  scale 
for  each  observation  well,  and  comparing  the  resulting  curves  with  available  "type 
curves".  A  match  is  obtained  between  a  plotted  curve  and  type  curve.  To  calculate 
permeability,  two  sets  of  ordinates  and  abscissas  corresponding  to  any  "match  point"  on 
the  two  graphs  are  used.  Walton  (1970)  provides  type  curves  and  accompanying  formulas 
for  permeability  for  a  variety  of  conditions. 

Equilibrium  analysis  methods  require  data  from  a  minimum  of  two  observation 
wells.  Kruseman  and  DeRidder  (1970)  provides  an  approach  similar  to  the  type  curve 
fitting  method.  A  log-log  plot  of  steady-state  drawdown  of  each  observation  well  versus 
its  corresponding  distance  from  the  pumped  well  is  compared  with  a  type  curve.  Four 
corresponding  values  for  any  match  point  are  used  to  calculate  permeability.  Johnson 
(1972)  presents  expressions  that  relate  permeability  to  height  of  the  water  level  above 
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some  datum  in  two  observation  wells  and  radial  distance  from  the  observation  wells  to  the 
pumped  well. 

The  above  analysis  methods  and  required  input  data  can  be  modified  to  account  for 
variations  in  hydrologic  conditions,  well  position,  and  boundary  effects  due  to  sources  and 
barriers  for  groundwater  flow. 

Constant  draw  down  tests  are  not  as  popular  as  constant  discharge  tests,  but  may 
be  conducted  where  observation  wells  are  not  available,  and  in  soils  of  low  permeability, 
where  a  constant  discharge  test  would  draw  down  the  water  level  below  the  pump  intake 
before  test  completion.  Analysis  methods  for  constant  draw  down  tests  are  fewer  and  less 
versatile  than  those  for  constant  discharge  tests.  Walton  (1970)  presents  several  type 
curve  solutions  for  a  limited  range  of  conditions. 

Permeability  values  obtained  from  pump  tests  are  average  quantities  for  relatively 
large  areas.  A  measure  of  the  variation  of  horizontal  permeability  with  depth  can  be 
obtained  by  running  a  flow  meter  along  the  well  during  the  pump  test.  A  flow  meter 
consists  of  a  propeller  with  a  rotation  sensing  device;  an  area  of  relatively  high 
permeability  will  be  indicated  by  a  relatively  high  frequency  of  rotation  of  the  propeller 
as  the  propeller  is  moved  past  that  area.  Flow  meters  are  discussed  further  by  Tate,  et  al. 
(1970),  and  Mansur  and  Dietrich  (1965). 

Additional  information  on  pump  tests  is  given  by  Walton  (1970),  Hantush  and 
Thomas  (1966),  Kruseman  and  DeRidder  (1970),  Todd  (1959),  and  Milligan  (1975). 

3.2.7.4   Piezometer  Probe 

The  piezometer  probe  consists  essentially  of  a  pressure  transducer  encased  in  a 
hollow  rod  with  a  cone  shaped  tip  to  facilitate  injecting  the  probe  into  the  subsurface  soil. 
The  basic  equipment  was  developed  independently  by  both  Wissa,  et  al.  (1975)  and 
Torstennson  (1975).   Figure  15  shows  a  schematic  of  Wissa's  probe. 

The  piezometer  probe  measures  both  penetration  resistance  and  excess  porewater 
pressures  which  are  continuously  recorded  as  the  probe  is  pressed  into  the  ground  at  a 
constant  rate  of  penetration.  The  excess  porewater  pressure  is  intended  to  reflect  the 
relative  permeability  and  relative  density  changes  in  the  soils  penetrated. 

This  device  is  in  an  early  state  of  development.  Table  23  shows  some  factors  which 
have  been  determined  by  the  Principal  Investigator  to  affect  the  measurements  made  by 
the  piezometer  probe  and  the  relative  significance  of  the  factors.  Considerable 
theoretical  analyses  and  field  and  laboratory  testing  are  needed  before  this  device  can  be 
accepted  in  general  practice.  No  interpretation  theory  has  been  developed  to  give 
absolute  quantitative  property  values.  However,  the  combination  of  being  able  to  measure 
rate  of  pore  pressure  dissipation  and  probe  resistance  shows  promise  of  being  useful. 

3.2.8     Piezometers 

In  many  cases,  it  is  not  possible  to  predict  porewater  pressures  accurately  on  basis 
of  theory  or  laboratory  tests.  Therefore,  the  in  situ  measurement  of  porewater  pressures 
is  an  important  aspect  of  site  investigation.  For  example,  a  piezometer  can  provide  in 
situ  pore  pressure  data  in  support  of  the  following  objectives: 
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FIGURE   15.         SCHEMATIC    OF   THE    PIEZOMETER     PROBE 
(  AFTER    WISSA,   ET     AL.,1975  ) 
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TABLE  23.   FACTORS  INFLUENCING  PORE  PRESSURE  DEVELOPMENT 
AND  MEASUREMENTS  IN  THE  PIEZOMETER  PROBE 
AND  THEIR  RELATIVE  SIGNIFICANCE 


Factors 

Relative 
Significance 

Rate  of  advance  of  probe 

3 

Temperature 

1 

Depth  of  measurement 

2 

Diameter  of  hole  between  porous  tip 
and  transducer 

2 

Air  bubbles  in  connecting  hole 

3 

Location  of  filter  arrangement 

3 

Clogging  of  filters 

3 

NOTE; 

1.  The  numeral  1  indicates  least  significance. 

2.  The  numeral  2  indicates  intermediate  significance. 

3.  The  number  3  indicates  most  significance. 
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Monitoring  water  pressure  changes  in  regard  to  stability  of  slopes. 

Control  during  construction  of  embankments  and  dams. 

Assessment  of  the  influence  of  the  tunnel  as  a  drain. 

To  determine  seepage  patterns  in  soil  and  rock. 

Surcharging  of  compressible  foundations. 

Determination  of  water  table  and  hydrostatic  pressures. 

Pumping  tests  to  determine  permeability  and  transmissibility  coefficients. 

Measurement  of  pore  pressure  subjected  to  static  and  dynamic  transient 
loadings. 

Stability  of  dams  and  solids  disposal  areas. 

All  piezometer  systems  have  a  porous  filter  element  which  is  placed  in  the  ground. 
These  elements  may  be  classified  according  to  use,  method  of  operation,  and  method  of 
recording.  In  the  following,  the  general  features  of  a  number  of  piezometers  in  common 
use  are  examined. 

3.2.5.1  Open  Standpipe  Piezometer 

The  most  common  technique  for  groundwater  observation  is  an  open  standpipe,  with 
perforated  section  at  the  lower  end,  placed  in  a  borehole.  The  perforated  section  is 
placed  in  the  stratum  in  which  it  is  desired  to  make  groundwater  observations;  however, 
unless  it  is  installed  in  a  very  permeable  zone,  the  quantity  of  flow  required  to  achieve 
equilibrium,  following  a  change  in  groundwater  conditions,  can  cause  a  significant  time 
lag.  This  time  lag  may  be  unacceptable.  The  performance  of  the  open  standpipe 
piezometer  may  be  improved  by  sealing  around  the  casing  above  the  perforated  section, 
backfilling  to  the  ground  surface,  and  capping  around  the  casing  at  the  ground  surface. 
However,  this  will  not  improve  the  sensitivity  or  accuracy  of  this  instrument. 

3.2.8.2  Porous  Tube  Piezometer 

To  reduce  the  time  for  the  porewater  pressure  inside  and  outside  the  piezometer  to 
reach  equilibrium,  a  porous  element  is  connected  to  a  small  diameter  riser  pipe  which  is 
placed  in  the  borehole.  The  annulus  between  the  porous  element  and  the  borehole  is  filled 
with  filter  sand.  The  observation  section  is  then  sealed  off,  e.g.,  with  grout  or  bentonite, 
and  the  remainder  of  the  hole  either  backfilled  or  left  open. 

There  are  several  types  of  porous  elements  or  tips  that  have  been  developed,  e.g., 
the  nonmetallic  ceramic  (Casagrande)  tip,  the  porous  sheath  (Terratest)  tip,  the  porous 
metallic  (Geonor)  tip,  etc. 

A  relatively  inexpensive  tip  was  developed  by  Parry  (1971).  It  consists  of  a  25 A 
mm  O.D.  mild  steel  tube,  12.7  mm  I.D.  Part  of  the  tube  is  reduced  to  15  mm  O.D.  with  a 
number  of  4.8  mm  holes.    Gauze  mesh  is  wrapped  around  the  perforated  section  (Figure 
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16).  The  porous  element  is  in  the  steel  sleeve  during  installation.  After  the  tip  is  driven 
to  the  desired  depth,  the  porous  element  is  uncovered  by  either  withdrawing  the  drill  rod 
or  driving  the  shoe  further. 

It  is  common  practice  to  provide  this  piezometer  with  twin  lines  for  flushing  and 
de-airing  in  order  to  reduce  its  response  time.  This  system  is  then  referred  to  as  an 
hydraulic  piezometer.  The  advantages  of  this  hydraulic  system  are  1)  it  can  be  de-aired 
during  use,  and  2)  its  time  lag  can  be  modified  by  the  selection  of  the  riser  tube  diameter. 
The  disadvantages  of  this  system  are  1)  the  reading  is  taken  by  an  electric  cord  which  may 
not  be  very  accurate,  2)  it  cannot  measure  large  suction  pressures  due  to  cavitation,  and 
3)  it  cannot  respond  to  transient  pressures  with  very  short  dwell  times. 

3.2.8.3  Pneumatic  Piezometer 

The  pneumatic  piezometer,  e.g.,  Gloetzl  cell  type,  comprises  a  porous  tip  which 
contains  a  pressure-sensitive  valve.  In  use,  a  flow  of  compressed  air  is  admitted  into  one 
of  the  two  air  lines,  but  the  air  is  blocked  by  the  pore  water  pressure  acting  on  the  other 
side  of  the  flexible  diaphragm.  When  the  air  pressure  equals  the  porewater  pressure,  the 
membrane  relaxes  and  allows  the  excess  air  to  pass  into  a  flow  indicating  flask  where  air 
bubbles  are  visible.  When  further  air  supply  is  shut  off,  the  pressure  in  the  air  supply  line 
is  equal  to  the  porewater  pressure.  This  is  the  principle  of  operation  of  the  Warlam  and 
Thomas  (1965)  piezometer  which  is  presented  in  Figure  17. 

Another  pneumatic  piezometer  of  interest  is  the  Slope  Indicator  Company  (SINCO) 
unit  shown  in  Figure  18.  Pressure  changes  as  small  as  1  cm  of  water  can  be  recorded  with 
the  SINCO  pneumatic  piezometer. 

The  advantages  of  the  pneumatic  piezometer  are: 

a)  A  very  small  change  in  water  volume  is  required  to  operate  the  air  flow 
valve;  consequently,  the  time  lag  is  small; 

b)  The  instrument  is  simple  to  operate  and  read; 

c)  It  has  long-term  stability; 

d)  Readings  are  direct,  and 

e)  No  de-airing  of  the  lines  is  required. 

The  disadvantages  of  the  pneumatic  piezometer  are: 

a)  It  cannot  record  rapid  changes  in  pore  water  pressure,  and 

b)  An  additional  line  for  air  supply  is  needed. 

3.2.8.4  Electrical  Piezometer 

The  basic  principle  of  the  electrical  piezometer  is  that  a  flexible  diaphragm  is 
deflected  in  proportion  to  the  applied  porewater  pressure.  This  pressure  is  measured  by 
means  of  various  electrical  transducers.    Such  devices  have  very  small  time  lags  and  are 
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very  sensitive.  The  most  common  methods  employed  to  measure  the  deflection  of  the 
diaphragm  are  vibrating  wire  gauges,  resistance  strain  gauges,  and  capacitance  strain 
gauges.  The  vibrating  wire  principle  is  well  established  and  a  high  degree  of  success  is 
reported.  The  Building  Research  Station  piezometer,  of  this  type,  is  shown  in  Figure  19 
(Penman,  1960).  The  porous  filter  element  is  50  mm  in  diameter  and  75  mm  in  length. 
There  are  various  other  types  of  vibrating  wire  piezometers,  the  main  differences  between 
them  being  dimensions  and  positioning  of  the  porous  element,  the  layout  of  the  vibrating 
wire  element,  and  the  mechanical  means  employed  to  protect  the  instrument  against 
damage  and  corrosion. 

The  advantages  of  the  electrical  piezometer  are: 

a)  A  very  small  volume  change  is  required  for  the  electric  signal;  thus,  the 
instrument  has  a  very  short  time  lag; 

b)  The  instrument  is  simple  to  operate  and  read; 

c)  It  has  long-term  stability; 

d)  It  is  useful  in  situations  requiring  rapid  response  and  dynamic  readings; 

e)  It  can  provide  continuous  monitoring,  and 

f)  No  de-airing  of  the  lines  is  required. 

The  disadvantages  of  the  electrical  piezometer  are: 

a)  The  water  pressure  is  read  directly  through  an  electric  instrument,  thus, 
measurements  should  be  taken,  recorded,  and  interpreted  by  qualified 
personnel; 

b)  The  filter  portion  cannot  be  water  flushed  after  installation; 

c)  The  system  is  relatively  expensive; 

d)  The  need  for  protection  against  stray  currents  and  lightning;  and 

e)  The  high  mortality  experienced  in  service. 

To  overcome  two  of  the  disadvantages  of  the  electrical  piezometer,  the 
vulnerability  and  the  expense,  Westbay  Instruments  Ltd.  has  developed  a  Multiple 
Piezometer  System.  This  system,  Figure  20,  consists  of  a  probe  which  travels  in  a  cased 
borehole  between  preselected  measuring  points.  These  points  are  special  connectors 
which  allow  piezometric  pressure  measurement  and  groundwater  sampling  to  take  place 
when  the  probe  is  moved  into  position.  Once  the  measurements  and  samples  have  been 
gathered,  the  probe  is  removed  from  the  borehole  and  can  be  safely  stored.  Since  this 
instrument  allows  multiple  readings  in  one  borehole,  cost  savings  can  be  realized  through 
reduced  drilling. 

Another  advantage  this  system  offers  is  the  capability  of  repeated  calibration  of 
the  transducers.  This  greatly  increases  the  credibility  of  the  data. 
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The  multiple  piezometer  system  may  also  have  an  additional  disadvantage:  the 
possible  communication  between  neighboring  ports  due  to  the  inadequate  sealing  of  the 
permanent  packer  in  some  types  of  soils,  such  as  peat,  cohesionless  sands,  inorganic  silts, 
etc.  Thus,  caution  should  be  taken  during  the  interpretation  of  the  collected  data. 

3.2.9  Combined  Probes 

3.2.9.1  Piezometer  and  Penetrometer 

Porewater  pressure  can  be  measured  during  the  performance  of  penetrometer  tests 
by  installing  a  porous  ring,  connected  to  an  electric  porewater  pressuremeter,  directly 
above  an  electric  cone  penetrometer,  e.g.,  Wissa,  et  al.  (1975).  The  penetrometer  is 
stopped  in  the  layer  concerned  and,  after  allowing  time  for  stabilization,  the  porewater 
pressure  in  the  layer  is  recorded.  This  process  is  repeated  at  intervals  until  the  required 
depth  of  penetration  has  been  reached. 

The  combined  probe  system  is  particularly  useful  where  porewater  pressures  are 
required  in  conjunction  with  the  cone  resistance.  This  system  is  a  rapid  and  relatively 
inexpensive  means  of  investigation. 

The  limitations  of  this  system  are  the  same  as  for  the  cone  penetrometer  and 
piezometer. 

3.2.9.2  Piezometer  and  Permeability 

The  distribution  of  porewater  pressure  and  permeability  along  the  length  of  a 
borehole  is  often  valuable  information.  This  information  is  important  for  instrumentation 
placement,  in  slope  stability  areas,  localities  with  complex  groundwater  patterns,  and  can 
be  gathered  with  the  Piezometric  Permeability  Profiler  (Westbay  Instruments  Ltd.). 

This  information  can  be  gathered  at  any  number  of  points  in  a  borehole  through  the 
non-caving  soil  layers  by  following  a  simple  procedure.  Once  the  drilling  has  reached  the 
area  of  interest,  the  drill  rods  are  retracted  a  short  distance  exposing  the  test  section 
(Figure  21a).  The  core  tube  is  removed  and  the  Profiler  is  lowered  into  position  (Figure 
21b).  The  packers  are  inflated  to  seal  off  the  section  and  the  piezometric  pressure  is 
measured  (Figure  21c).  A  permeability  test  may  then  be  performed  by  either  inflow, 
constant  or  falling  head  (Figure  21d).  The  Profiler  is  then  withdrawn,  the  core  tube 
replaced,  and  drilling  resumed  (Figure  21e). 

With  this  apparatus  bottom  hole  fluid  samples  can  also  be  taken. 

3.3        BOREHOLE  TECHNIQUES  IN  ROCK 

3.3.1     Permeability  Tests  in  Rock 

The  ability  of  a  rock  mass  to  transmit  groundwater  is  most  often  governed  by  the 
joints  and  fractures  within  the  rock  mass  rather  than  the  rock  blocks  themselves.  Size, 
spacing,  frequency,  orientation,  and  condition  of  joints  and  fractures  will  govern  the 
"permeability"  of  the  rock  mass. 

Section  3.2.7  discusses  variable  head  tests,  constant  head  tests,  and  pump  tests,  as 
applied  to  soil  deposits.  Test  and  analysis  methods  presented  in  Section  3.2.7  are 
generally  applicable  to  rock  as  well  and  are  not  repeated  in  this  section.  However,  a 
discussion  of  packer  tests,  which  are  not  generally  applicable  to  soils,  is  presented  here. 
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In  a  packer  test,  a  section  of  the  borehole  is  isolated  by  one  or  more  packers 
expanded  against  the  borehole  wall.  Water  is  applied  to  the  section  by  means  of  a  pump  at 
the  surface.  Test  sections  may  be  isolated  by  positioning  a  single  packer  above  the 
bottom  of  the  borehole,  wherein  the  bottom  of  the  test  section  is  the  bottom  of  the 
borehole,  or  by  positioning  two  packers  above  and  below  a  section.  Mechanical, 
pneumatic,  and  hydraulic  packers  are  available.  Pneumatic  packers  are  most  desirable 
because  they  provide  a  superior  seal  and  may  be  pressurized  independent  of  water  pressure 
in  the  test  section.  The  ability  to  test  an  isolated,  well  defined  location  along  the 
borehole  makes  the  packer  test  attractive  for  evaluating  the  "permeability"  of  jointed  and 
fractured  rock. 

Typical  test  apparatus  is  shown  in  Figures  22  and  23  (O'Rourke,  et  al.,  1977).  After 
the  test  section  has  been  isolated  by  positioning  and  expanding  the  packers  against  the 
borehole  walls,  water  is  pumped  into  the  test  section  at  a  constant  pressure  and  the 
volume  of  water  pumped  is  recorded  over  a  period  of  time.  The  test  is  conducted  at 
several  pressures—first  at  a  low  pressure,  then  at  successively  higher  pressures,  and  then 
at  successively  lower  pressures.  In  addition  to  determining  a  range  of  permeability  values 
for  the  range  of  test  pressures,  this  procedure  is  used  to  interpret  the  condition  of  the 
intersected  joints  and  fractures,  and  to  determine  if  water  is  leaking  past  the  packers. 
Typical  plots  of  excess  pressure,  P,  versus  flow  rate,  q,  are  shown  on  Figure  2k  (Dixon  and 
Clarke,  1975).  Maini  (1971)  describes  additional  techniques  for  detecting  and  eliminating 
leakage  past  packers. 

Packer  tests  may  be  conducted  alternately  while  the  borehole  is  advanced,  or  at 
select  locations  or  in  a  profiling  scheme  after  the  borehole  is  completed. 

Methods  of  analysis  for  packer  tests  are  the  same  as  for  other  constant  head  tests 
and  are  discussed  in  Section  3.2.7.2.  Further  discussion  of  packer  tests  is  given  by  Maini 
(1971),  Maini,  et  al.  (1972),  and  O'Rourke,  et  al.  (1977). 

3.3.2    Cable  Jack  Test 

Cable  jack  testing  (Stagg  and  Zienkiewicz,  1968)  is  a  pull-out  test  technique  which 
is  a  simplification  of  the  "hydraulic  jack".  Instead  of  testing  the  load-deformation 
characteristic  in  a  specially  excavated  rock  gallery,  the  load  is  applied  through  a  steel 
cable  anchored  at  depth  in  a  small  borehole. 

In  order  to  avoid  the  interference  caused  by  displacement  at  the  rock  surface,  the 
minimum  anchorage  depth  should  be  of  the  order  of  8  to  10  times  the  bearing  pad 
diameter.  If  the  test  is  conducted  through  the  overburden  soil,  the  borehole  should  be 
cased  through  the  overburden;  and  the  displacement  of  the  cable  should  be  measured  by  a 
surveying  instrument  stationed  away  from  the  loading  influence  zone.  The  elastic 
elongation  of  the  cable  must  be  accounted  for  in  determining  the  displacement. 

Loads  of  up  to  1000  tons  can  be  applied  in  this  way  using  a  single  cable,  thus, 
allowing  a  large  volume  of  rock  to  be  influenced.  If  needed,  several  cables  could  be  used 
to  reach  greater  loads. 

The  cable  jack  can  test  the  rock  mass  at  the  exact  foundation  location  and  in  the 
same  direction  the  actual  loads  of  the  structure  will  exert.  The  tests  can  be  repeated  at 
various  levels  of  excavation,  with  the  same  cable  and  borehole,  to  obtain  information 
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about  the  variation  of  rock  characteristics  with  depth.  With  two  adjacent  cables,  loads 
tangential  to  the  surface  can  be  applied,  and  the  directional  variation  of  deformation 
moduli  and  strengths  can  be  obtained.  This  is  an  important  point  since  the  majority  of 
rock  masses  have  more  or  less  anisotropic  characteristics. 

Although  the  cable  jack  is  mainly  designed  for  determining  the  deformability  and 
the  elastic  modulus  of  the  rock  mass,  the  same  set-up  with  slight  modifications  of  the  jack 
surface  can  be  used  to  test  the  shear  strength  of  the  rock  mass  from  a  borehole.  Contrary 
to  the  effect  in  the  borehole  shear  test  in  soil  (Section  3.2.5),  the  edge  pressure  effect  is 
insignificant  because  the  rock  mass  has  a  relatively  high  stiffness.  In  order  to  have  more 
meaningful  information,  a  3-inch  diameter  borehole  in  the  rock  mass  is  recommended,  and 
correlation  between  rock  cores  and  shear  test  data  is  advised.  Although  recent  attention 
has  turned  to  the  design  of  self-contained  dilatometers  for  performing  pressure  tests  in 
boreholes,  the  cable  jack  test  can  be  used  directly  to  determine  the  in  situ  Mohr-Coulomb 
envelope. 

3.3.3    Stress-Relief  Methods 

The  borehole  stress-relief  technique  is  used  to  determine  the  in  situ  state  of  stress 
in  a  rock  mass.  Two  distinct  types  of  stress-relief  instruments  are  used  to  measure  the  in 
situ  rock  stress.  They  are  classified  as  the  deformation  type  and  the  strain  type,  and  both 
measure  in  situ  stress  indirectly  as  determined  by  the  rock  deformation  or  strain. 

The  measuring  instrument  is  placed  at  the  end  of  a  borehole  and  the  rock  to  which 
the  instrument  is  attached  is  relieved  by  overcoring  with  a  hollow  rotary  core  drill.  The 
overcoring  technique  is  shown  in  Figure  25.  The  strains  measured  on  the  detached  rock 
are  recorded  and,  from  these  values,  stresses  are  calculated  by  elastic  theory  or  the 
detached  rock  cyclinder  is  hydrostatically  loaded  in  the  laboratory  in  order  to  return  the 
overcored  deformation  reading  to  the  original  value. 

3.3.3.1   Deformation  Methods 

The  borehole  deformation  meter  is  a  device  which  measures  changes  in  the  cross- 
sectional  dimensions  of  a  borehole  in  rock.  The  U.S.  Bureau  of  Mines  deformation  gauge, 
which  is  one  type  of  deformation  meter,  is  illustrated  in  Figure  26.  The  deformation 
meter  is  inserted  into  the  borehole  as  indicated  in  Figure  25.  An  initial  reading  is  taken, 
then  readings  are  taken  at  regular  intervals  as  the  meter  is  overcored.  After  the  final 
reading  is  taken,  the  core  containing  the  gauge  is  removed  from  the  hole  for  laboratory 
tests  to  determine  the  elastic  moduli  for  the  rock.  In  order  to  determine  the  stresses  at 
other  orientations,  the  single  component  meter  is  detached  and  then  reinserted  into  the 
hole  in  another  direction.  The  reinsertion  is  a  disadvantage  of  the  single-component 
deformation  meter  which  limits  the  usefulness  of  the  instrument  in  localities  where  high 
stress  gradients  can  be  expected.  Therefore,  multiple-component  deformation  meters 
have  been  developed  to  measure  various  components  of  deformation. 

A  modification  of  the  borehole  deformation  meter  is  the  borehole  inclusion 
stressmeter  which  differs  from  the  borehole  deformation  meter  only  in  that  it  is 
calibrated  directly  in  terms  of  stress,  even  though  its  response  to  stress  is  a  measured 
strain  or  some  other  effect  which  results  from  that  strain.  Stressmeters  are  hard-rigid  or 
near-rigid  inclusions;  whereas,  deformation  meters  may  be  either  soft  inclusions  that  offer 
little  resistance  to  borehole  deformation  or  simply  profile  measuring  devices  that  offer  no 
resistance  at  all. 
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The  borehole  inclusion  stressmeter  may  be  firmly  cemented  or  otherwise  fixed  in 
contact  with  the  walls  of  a  borehole  in  rock.  Stressmeters  which  utilize  this  principle  can 
be  prestressed  after  insertion  so  that  they  can  measure  absolute  stress  by  the  overcoring 
technique  or  relative  stresses  above  and  below  the  initial  prestress  level.  However,  all 
prestressed  borehole  stressmeters  require  calibration.  The  calibration  requirements  are 
dependent  upon  the  level  of  prestress  as  well  as  on  the  elastic  properties  of  stressmeter 
and  rock.  Because  it  is  necessary  to  select  a  level  of  prestress  to  suit  the  rock  before 
commencing  the  field  tests,  and  since  the  properties  of  the  field  rock  are  usually  unknown, 
initially,  the  optimum  choice  of  prestress  becomes  largely  intuitive.  Since  stressmeters 
are  somewhat  larger  than  the  single-component  borehole  deformation  meters,  and  since 
overcoring  usually  is  difficult  and  costly,  the  use  of  the  prestressed  insertion  stressmeters 
has  been  limited. 

3.3.3.2  Strain  Methods 

By  applying  a  strain  cell  or  strain  gauge  to  the  end,  or  sides,  of  a  borehole,  the  rock 
can  be  instrumented  to  measure  the  strain  which  occurs. as  the  in  situ  stress  is  relieved  by 
the  overcoring  tool.  Two  techniques  in  use  for  measuring  in  situ  strain  are  the  Leeman 
"doorstopper",  and  the  photoelastic  biaxial  cell. 

The  Leeman  "doorstopper"  is  an  electrical  resistance  strain  cell  system  which  is 
insulated  from  the  borehole  water  by  encapsulation  in  a  rubber  moulding  (Figure  27).  A 
manually  operated  setting  tool  is  used  to  install  the  instrument  which  has  resistance  type 
gauges  orientated  to  measure  strains  in  a  k5  rosette  configuration.  The  setting  tool 
remains  in  place  while  the  strain  cell  is  cemented  to  the  rock  and  is  then  withdrawn  so 
that  overcoring  may  proceed. 

A  more  advanced  development  of  the  borehole  strain  gauge  technique  involves  a 
multi-component  cell  that  measures  nine  components  of  strain  with  three,  three-element 
strain  gauge  rosettes.  The  strain  gauge  elements  are  cemented  or  friction  bonded  to  the 
side  walls  of  the  borehole,  and  the  strain  relief  is  measured  in  three  directions  as  the 
elements  are  overcored. 

The  photoelastic  biaxial  gauge,  Figure  28(a),  consists  of  a  1-3/4  in.  disc  of  epoxy 
resin  1/8  in.  thick,  containing  a  central  hole.  The  gauge  is  backed  by  a  reflective  film, 
leaving  a  clear  annulus  around  the  edge  of  the  cell.  It  is  attached  to  the  rock  using  a 
rapid-hardening  cement  around  this  annulus,  and  is  viewed  through  a  reflection  polariscope 
(Figure  28(b)).  The  response  of  the  gauge  is  calibrated  in  terms  of  strain. 

3.3.4    Borehole  Camera 

Boreholes  can  be  inspected  directly  with  a  borehole  camera.  Borehole  cameras 
may  be  used  for  down-the-hole  axial  viewing  or  viewing  at  some  angle  to  the  borehole 
axis.  Borehole  cameras  may  be  categorized  into  three  types:  film,  television,  and 
periscope.  The  film-type  camera  records  an  image  on  one  of  many  types  of  photographic 
film  by  exposure  through  a  lens  or  prism,  or  by  photographing  a  reflected  image  on  a  flat 
or  conical  mirror.  The  television-type  camera  transmits  an  image  by  closed  circuit  to  a 
viewing  monitor  on  the  surface  where  the  image  can  be  recorded  on  video  tape.  The 
periscope- type  camera  reflects  an  image  through  a  series  of  prisms  to  the  ground  surface, 
where  the  image  can  then  be  photographed.  All  three  camera  types  can  be  used  in  NX 
size  (3  in.)  diamond-core  drill  holes. 
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Adequate  lighting  is  required  for  all  borehole  cameras  and  may  be  provided  by 
strobes.  Powerful,  heat-generating  light  sources  or  devices  with  sparking  electronic 
controls  are  not  recommended  because  explosive  gases  present  in  some  strata  could  be 
ignited. 

Borehole  cameras  may  be  used  above  or  below  the  groundwater  table,  however,  the 
light  source  should  be  designed  so  that  it  does  not  blind  the  lens  below  the  groundwater 
table. 

Borehole  cameras  may  supplement  other  exploratory  methods  in  a  subsurface 
investigation.  A  conventional  core-drilling  investigation  may  not  identify  characteristics 
such  as  orientation  of  bedding  planes,  fractures  or  faults,  or  soft  and  broken  zones—all  of 
which  could  reduce  stability  of  the  rock  mass  during  excavation.  Such  characteristics 
could  be  investigated  with  a  borehole  camera.  Size  and  extent  of  cavities  could  also  be 
investigated. 

Use  of  such  devices  may  be  hindered  above  and  below  the  groundwater  table. 
Above  the  groundwater  table,  atmospheric  conditions  may  create  fog  or  cause 
accumulation  of  moisture  on  the  lens,  which  will  fog  the  image.  This  condition  can  be 
overcome  with  lens  heaters  or  moisture-absorbing  devices.  Below  the  groundwater  table, 
image  clarity  will  depend  upon  water  clarity.  Muddy  water  will  render  all  the  devices 
useless. 

If  drilling  muds  are  used  when  advancing  the  borehole,  use  of  flocculating  agents 
may  be  required  to  remove  suspended  clay  particles  from  the  water,  and  washing  and 
swabbing  may  be  required  to  remove  mudcake  from  borehole  walls  prior  to  viewing. 

Further  discussion  of  borehole  cameras  is  given  by  Lundgren,  et  al.  (1968),  Krebbs 
(1967),  and  Krebbs  (1969). 

3.3.5  Hydraulic  Fracture 

Hydraulic  fracturing  is  a  procedure  initially  employed  by  the  petroleum  industry  to 
enhance  well  production.  Fairhurst  and  Felmechan  (1964)  suggested  that  this  technique 
can  be  used  for  boreholes  in  rock  masses  to  obtain  some  knowledge  about  the  in  situ 
(residual)  stress  at  proposed  sites  for  underground  construction.  As  is  presented  in  Section 

3.2.6  related  to  hydraulic  fracture  in  soil,  a  similar  set-up  is  employed  for  rock  masses.  A 
section  of  a  borehole  is  sealed  off  with  packers,  then  the  fluid  (mostly  water)  is  pumped 
into  this  section  under  a  sufficiently  high  pressure  that  the  tangential  stress  in  the  surface 
of  the  sealed  wall  becomes  tensile.  An  extension  fracture  will  occur  if  this  stress  exceeds 
the  tensile  strength  of  the  tested  rock  mass.  On  the  other  hand,  if  the  seal-off  packers 
are  located  at  the  intersection  of  a  joint  or  fissure  with  the  borehole,  which  is  held 
"closed"  by  the  in  situ  (residual)  compressive  stress  field,  it  may  be  "opened"  by  tensile 
stresses  when  internal  pressure  is  applied,  corresponding  to  the  case  when  the  tensile 
strength  of  the  tested  rock  mass  is  zero.  Therefore,  correlation  of  the  hydraulic  fracture 
data,  with  recovered  rock  cores  from  the  same  hole,  is  needed  when  interpreting  the 
hydraulic  fracture  test  data. 

The  theoretical  background  for  the  hydraulic  fracture  test  was  set  out  by  Hubbert 
and  Willis  (1957),  who  also  discuss  other  modes  of  failure.  However,  the  anisotropic 
nature  of  the  tensile  strength  of  the  rock  mass  and  the  effect  of  porewater  pressure  in  the 
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rock  was  not  adequately  considered.  Furthermore,  in  the  analysis,  it  is  assumed  that  the 
borehole  is  in  the  direction  of  one  of  the  principal  stresses,  but  if  the  borehole  is  located 
in  a  complicated  geological  formation  this  assumption  may  not  be  valid. 

When  a  fracture  has  been  initiated  in  a  borehole,  it  is  to  be  expected  that  it  will 
extend  for  some  distance,  because  of  the  stress  concentration.  Therefore,  with  the 
general  geology  of  the  test  site  in  mind,  hydraulic  fracturing  may  provide  a  means  of 
obtaining  information  regarding  the  in  situ  (residual)  state  of  stress  in  deep  boreholes 
without  any  knowledge  of  the  elastic  constants  of  the  rock  mass. 

The  hydraulic  fracture  tests  may  also  be  used  in  rock  to  ascertain  the  safe  working 
pressure  or  the  need  for  pressure  grouting  to  stabilize  the  rock  mass  and  to  determine  the 
in  situ  permeability  of  a  rock  mass. 

3.3.6    Borehole  Dilatometers,  Borehole  Jacks,  and  Borehole  Penetrometer 

In  the  last  two  decades,  a  number  of  instruments  have  been  developed  for 
measurement  of  rock  deformability  in  small  diameter  boreholes.  These  instruments 
depend  upon  the  application  of  pressure  along  a  certain  length  of  the  walls  of  a  borehole 
and  measurement  of  the  radial  response  of  the  borehole  wall.  The  instruments  that  apply 
a  uniform  internal  pressure  to  the  borehole  walls  are  called  dilatometers,  those  which 
apply  force  along  a  limited  portion  of  the  circumference  of  the  borehole  by  forcing  apart 
circular  plates  are  called  borehole  jacks,  and  devices  that  force  a  small  indentor  into  walls 
of  a  borehole  are  called  borehole  penetrometers.  Table  2k  gives  a  summary  of  the  three 
types  of  instruments  used  by  various  investigators  (Lama  and  Vutukuri,  1978). 

3.3.6.1   Borehole  Dilatometers 

Borehole  dilatometers  are  self-contained,  full  circle  radial  expansion  devices. 
These  devices  apply  a  uniform  pressure  at  a  desired  depth  of  the  borehole  by  means  of 
hydraulic  pressure  applied  between  a  metallic  cylinder  and  a  very  deformable  rubber  or 
metallic  jacket  pressed  against  the  wall  of  the  borehole.  The  change  in  diameter  is 
measured  by  either  the  change  in  volume  of  the  fluid  (indirect  method)  or  by  differential 
transformers  (direct  methods).  Usually,  dilatometers  with  indirect  measuring  devices  are 
suitable  for  poor  ground  (soil  or  highly  weathered  rocks),  while  those  using  direct  devices 
have  a  wider  application.  The  use  of  differential  transformers  (direct  methods)  placed  at 
different  positions  around  the  circumference  to  measure  changes  in  diameter  also  has  the 
advantage  that  it  permits  measurement  of  rock  anisotropy. 

Compared  to  the  plate  bearing  test,  hydraulic  jack  pressure  test,  and  pressure 
tunnel  test,  the  borehole  dilatometer  test  has  the  following  advantages: 

a)  If  the  diamond  core  barrel  is  employed  during  drilling,  the  rock  mass  remains 
almost  undisturbed; 

b)  Due  to  reduced  cost  and  time  required,  more  tests  can  be  performed  than 
the  conventional  load  tests  mentioned  above;  and 

c)  It  is  possible  to  conduct  the  borehole  dilatometer  test  under  water  and  to 
considerable  depths. 
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The  principal  disadvantage  of  the  dilatometer  test  is  the  small  volume  of  rock 
involved  in  each  test;  therefore,  the  results  may  not  be  truly  representative,  particularly 
in  highly-jointed  rock. 

3.3.6.2   Borehole  Jack 

A  number  of  borehole  jacks  have  been  designed  and  used.  Basically  these  can  be 
divided  into  two  groups:  (1)  rigid  jacks,  and  (2)  flexible  jacks.  Rigid  jacks  have  the 
disadvantage  that  any  mismatch  between  the  borehole  and  jacking  surface,  e.g., 
unevenness  of  borehole  wall,  results  in  high  initial  deformation  and  tilting  of  the  jack. 
This  results  in  a  lower  modulus  of  elasticity  of  the  rock  mass  than  actually  exists.  The 
jacks  having  a  flexible  loading  surface  give  a  more  uniform  stress. 

Two  examples  of  borehole  jacks  are  the  Goodman  Jack  (Goodman,  Van  and  Heuze, 
1968)  and  the  C.S.I.R.O.  Pressiometer  (Worotnicki,  Enever  and  Spathis,  1976).  The 
Goodman  Jack  is  an  example  of  a  rigid  borehole  jack  and  utilizes  two  LVDPs  mounted  on 
either  end  of  a  20  cm  long  plate  to  measure  its  displacement.  The  maximum  pressure 
which  can  be  applied  by  the  jacks  is  640  bars  (9,282  psi),  unidirectionally,  which  is 
equivalent  to  a  total  force  of  approximately  71,670  Kg  (158,000  lbs).  The  volume  of  rock 
affected  is  approximately  0.03  m  (1  ft  )  and  extends  to  about  114  mm  (4.5  inch)  into  rock 
away  from  borehole  wall.  The  modulus  of  elasticity  can  be  calculated  using  the 
relationship, 

e  =  toVk<v'6) 

Where  E  =  Young's  modulus  of  rock 

Ap  =  pressure  increment 

All .  =  diameter  displacement  increment 

d  =  diameter  of  hole 

K(v ,  6)  =  constant  dependent  upon  Poisson's  ratio  ( v  )  and  angle  of 
loaded  area  (  $  ). 

Because  of  the  finite  length  of  the  loaded  area,  the  value  of  K  has  to  be  corrected.  For  U 
=  0.25,  the  actual  modulus  values  will  be  about  14  percent  higher  than  those  calculated 
from  the  previous  equation  for  E  (Goodman,  Van,  and  Heuze,  1968).   The  Goodman  Jack  is 
suitable  for  use  in  NX  diameter  boreholes. 

The  C.S.I.R.O.  Pressiometer,  a  flexible  borehole  jack,  consists  of  three  basic  units: 
curved  quadrantal  jacks,  a  collapsible  body,  and  a  deformation  measuring  system.  The 
jacks  have  been  found  to  be  reuseable  up  to  pressures  of  25,000  to  35,000  KN/M  (3,625  to 
5,075  psi)  but  have  the  disadvantage  of  being  too  stiff  for  accurate  measurements  at  low 
pressures. 

The  collapsible  "body"  serves  to  bring  the  jacks  in  contact  with  the  rock  and  to 
support  them  during  pressurizing;  after  the  test  the  "body"  is  made  to  collapse  and  the 
jacks  are  withdrawn  from  contact  with  the  rock  so  that  the  pressiometer  can  be  pulled  out 
of  the  borehole  or  shifted  to  a  new  position. 
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The  deformation  measuring  system  consists  of  two  DCDT  transducers  and  the  free 
floating  transducer  carrier. 


The  pressiometer  is  suitable  in  borehole  diameters  of  150mm  (5.9  in.)  and  E, 
Young's  modulus,  can  be  calculated  using  the  same  equation  presented  for  determining  E 
from  Goodman  Jack  data. 

3.3.6.3   Borehole  Penetrometer 

Borehole  penetrometers  are  based  on  the  concept  of  penetration  of  a  small  rigid  die 
into  the  borehole  wall.  The  contact  pressure  in  these  instruments  is  very  high  while  the 
loaded  volume  does  not  exceed  100  cm  .  The  devices  are  used  mainly  to  determine  the 
response  of  rock  to  local  loads  such  as  rock  bolts  (Stears,  1965),  or  as  stiff  inclusions  in 
stress  measurements  (Hult,  1963;  Dryselius,  1965).  For  modulus  determination,  it  does  not 
have  much  applicability. 

3.3.7    Caliper 

Caliper  logs  are  used  to  measure  the  diameter  and  geometry  of  boreholes  in  rock. 
These  instruments  can  also  be  employed  for  subsurface  formation  correlation  based  on  the 
differential  "washing  out,"  or  caving,  of  diverse  formations.  Very  few  boreholes  are 
perfectly  round,  instead  they  tend  to  be  elliptical  in  cross  sections  with  the  axes 
indicating  stress  and  foldings.  Thus,  Caliper  logs,  in  conjunction  with  Dipmeter  surveys, 
have  become  a  useful  exploration  tool.  Caliper  logs  are  necessary  to  all  logging  programs 
for  the  possible  correction  of  raw  logging  data  for  borehole  effects,  particularly  for  the 
non-focused  logs  (Ash,  Russell,  and  Rommel,  1974).  Caliper  logs  may  also  provide  an 
approximate  estimate  of  the  mud  cake  thickness  on  the  borehole  wall. 

The  Caliper  is  a  highly  sensitive  borehole  diameter  measuring  device.  It  is  either 
of  one,  two,  three,  four,  or  six  arm  construction.  In  practice,  it  is  run  with  a  Gamma  Ray 
detector  to  provide  precise  depth  for  correlation  with  other  logs  from  the  same  borehole. 
The  measuring  arms  of  the  caliper  can  usually  be  controlled  from  the  surface  by  sending 
current  to  a  small  electric  motor  in  the  instrument.  The  measuring  arm  can  detect 
variations  as  small  as  %  inch  in  diameter.  Borehole  volumes,  if  desired,  can  be  obtained  at 
the  time  of  logging. 

3.4        BOREHOLE  TECHNIQUES  IN  TRANSITION  MATERIALS 

Although  most  of  the  soil  or  rock  borehole  methods  can  be  used  in  transition 
materials,  the  validity  of  the  interpretation  method,  or  results,  must  be  viewed  with 
caution.  Assumptions  must  be  made  on  the  boundary  conditions  when  developing  a 
reduction  method  for  a  site  investigation  technique.  In  transition  materials,  the 
complexity  of  the  ground  mass  may  not  be  prone  to  simplification.  Any  field  testing  done 
in  these  materials  must  be  accompanied  by  detailed  documentation  of  the  equipment, 
method,  and  progress  of  the  test.  Care  must  be  taken  in  selecting  the  test  location  and 
the  corresponding  core  should  be  available  for  examination. 

Due  to  the  gradual  transition  from  one  zone  of  weathering  to  the  next,  penetration 
tests,  both  standard  and  cone  (Sections  3.2.1  and  3.2.2),  may  not  help  in  defining 
boundaries  or  behavior.  Some  weathered  materials  which  can  be  penetrated  by  these  tests 
must  be  excavated  with  explosives.  The  definition  of  the  limits  of  weathering  is  one  of 
the  most  important  functions  of  the  site  exploration  program  in  areas  of  residual  soils. 
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The  pressure  meter,  Section  3.2.3,  has  been  used  in  situations  where  other  soil 
testing  equipment  has  not  been  able  to  perform  satisfactorily  due  to  the  strength  of  the 
material  (Dixon,  1969). 

St.  3ohn,  et  al.  (1969),  have  shown  the  shear  strength  along  relief  slickensided  joints 
in  residual  soil  to  be  one-half  that  of  intact  samples.  The  vane  shear  test,  Section  3.2.4., 
creates  a  cylindrical  failure  surface  which  will  not  correspond  to  the  relief  structure  for 
any  distance.  Correspondingly,  the  results  will  yield  shear  strengths  much  higher  than 
those  for  blocks  of  soil  bounded  by  these  joints.  It  was  also  shown  that  if  the  joints  are 
favorably  oriented,  failure  will  occur  in  the  intact  material  and  the  previously  cited  error 
will  not  occur. 

The  borehole  shear  test  (Section  3.2.5),  as  with  the  vane  shear  test,  predetermines 
the  failure  plane.  The  problems  involving  the  joint  surfaces  are  the  same  here  as  with  the 
vane  shear.  However,  these  tests  may  be  very  useful  as  index  tests  to  differentiate  the 
various  zones  of  weathering. 

The  hydraulic  fracture  test  (Sections  3.2.6  and  3.3.5)  is  used  mainly  to  determine 
the  lateral  earth  pressure  existing  in  a  borehole.  Although  valid  in  its  application,  the 
residual  stress  field  that  exists  in  transition  material  will  make  its  interpretation  difficult. 
It  is  doubtful  that  a  geostatic  condition  can  be  assumed  in  any  but  the  most  completely 
weathered  soils. 

The  groundwater  regime  is  of  utmost  importance  in  transition  materials.  It  is  a 
major  controlling  factor  in  the  distribution,  rate  and  intensity  of  weathering  processes. 
The  groundwater  environment,  as  with  all  other  mass  characteristics  in  transition 
materials,  can  be  very  irregular.  In  massive,  "insoluble  rocks"  the  groundwater  will  flow 
through  the  joint  system  and  decomposition  may  form  an  impervious  material  which 
concentrates  the  effects  on  one  side  while  protecting  the  other  (Currey,  1977).  In  soluble 
rocks,  a  system  of  channels  and  caverns  may  develop  similar  to  the  surface  systems  of 
brooks  and  rivers  (Terzaghi,  1946b).  Once  the  weathering  has  progressed,  the  porosity  of 
the  material  approaches  that  of  a  soil  and  the  groundwater  becomes  more  regular.  In 
areas  of  faulting,  two  conditions  can  exist—a  fault  can  act  as  a  drain  or  a  dam.  If  faults 
are  filled  with  brecciated  materials  they  will  be  highly  porous  and  can  contain  great 
volumes  of  water,  and  if  a  reservoir  is  available,  flow  may  be  maintained.  If,  on  the  other 
hand,  the  fault  contains  gouge  materials  it  may  act  as  a  dam.  Groundwater  elevations 
measured  a  short  distance  apart  may  vary  substantially  (a  good  indication  of  a  fault).  If  a 
tunnel  is  driven  through  this  fault  the  quantity  of  water  encountered  may  cause  great 
difficulties. 

When  permeability  tests  (Sections  3.2.7  and  3.3.1)  are  conducted  and  interpreted, 
and  piezometers  placed  and  monitored,  care  must  be  taken  that  mass  characteristics,  as 
well  as  local  anomalies,  are  identified.  When  properly  mapped,  knowledge  of  the 
groundwater  regime  can  be  of  great  value. 

Borehole  viewing  devices— cameras,  periscopes,  etc.— can  be  of  great  assistance  in 
locating  and  orienting  the  secondary  structural  defects  in  transition  materials.  The 
conditions  viewed  must  be  interpreted  with  caution  due  to  the  alteration  they  have 
undergone  due  to  drilling. 
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Other  devices  available  for  use  must  be  carefully  examined  before  utilization.  The 
appropriateness  of  their  use  and  of  the  resulting  measurement  must  be  judged  in  relation 
to  the  conditions  that  exist  at  the  site. 

3.5       GEOPHYSICAL  METHODS 

3.5.1     Surface  Geophysical  Methods 

Surface  geophysical  exploration  is  a  form  of  field  investigation  in  which  physical 
measurements  are  made  at  the  ground  surface  by  using  special  instruments  to  secure 
subsurface  information.  Geophysical  methods  provide  a  rapid  though  approximate  solution 
to  determine  the  following  tunnel  design  information:  (1)  the  extent  of  faulting  and 
fracturing  of  major  magnitude,  (2)  the  depth  of  the  bedrock  under  deep  soil  cover,  (3)  the 
position  of  the  water  table,  and  (4)  the  location  of  particular  rock  formations. 

A  summary  of  the  principal  surface  geophysical  methods  by  Schmidt,  et  al.  (1976), 
is  provided  in  Appendix  C  of  this  report.  More  detailed  descriptions  of  these  methods  can 
be  found  in  Ash,  et  al.  (1974). 

Four  major  geophysical  methods  are  briefly  described  in  this  section:  seismic, 
resistivity,  magnetic  and  gravity. 

3.5.1.1   Seismic 

The  apparatus  used  in  the  seismic  refraction  technique  consists  of  geophone  pickups 
with  an  oscillograph  recorder.  A  disturbance  is  created  by  setting  off  a  special  explosive 
or  striking  a  metal  plate  resting  on  the  ground,  in  a  layout  as  shown  in  Figure  29(b).  A 
pickup  at  the  point  of  the  disturbance  records  the  starting  time  of  the  ground  wave.  The 
detectors  then  pick  up  the  arrival  time  of  the  waves,  which  are  shown  on  the  oscillograph, 
Figure  29(c),  and  can  be  recorded.  These  arrival  times  and  the  horizontal  distance  of  the 
geophones  from  the  shot  are  plotted  as  shown  in  Figure  29(a).  The  slopes  of  the  resulting 
curve  are  then  a  measure  of  the  ground  wave  velocities  through  the  various  layers  of 
ground. 

Seismic  surveys  are  particularly  useful  in  determining  the  depth  to  sound  rock 
overlain  by  soft  or  loose  strata.  On  the  other  hand,  the  presence  of  a  soft  or  loose 
stratum  beneath  a  stiff  or  hard  one  cannot  be  detected. 

Apart  from  determining  the  depths  to  various  layers,  the  determination  of  the  in 
situ  seismic  velocities  provides  some  measure  of  the  strength  characteristics  of  the 
ground  mass  as  opposed  to  the  strength  of  individual  samples  tested  in  the  laboratory.  For 
example,  if  a  rock  substance  is  hard  but  is  located  in  a  badly  jointed  formation  with 
possibly  some  weathering  in  the  joints,  the  in  situ  seismic  velocity  will  tend  to  be  low. 
Occasional  borings  would  be  required  to  confirm  whether  the  material  is  weak, 
homogeneous  rock,  or  whether  the  formation  is  composed  of  a  hard  rock  substance  in  a 
highly  jointed  mass. 

For  exploration  and  structural  purposes,  the  depth  to  which  this  method  can  give 
useful  information  is  limited  to  a  few  hundred  feet.  Consequently,  the  investigation  of 
the  ground  for  deep  underground  openings  by  this  method  is  generally  impractical. 
Proposed  dam  sites  and  open  pit  mines  are  projects  in  which  this  type  of  test  might  be 
useful. 
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3.5.1.2  Resistivity 

The  apparatus  used  in  the  electrical  resistivity  method  consists  of  four  electrodes 
set  in  the  ground  in  a  single  line  and  at  an  equal  distance  apart  (Figure  30a).  A  set  of 
batteries  and  a  milliammeter  are  connected  in  series  with  the  outer  pair  of  electrodes, 
which  are  the  current  electrodes.  A  potentiometer  for  measuring  voltage  is  connected 
between  the  inner  pair  of  electrodes,  which  are  the  potential  electrodes.  The  resistivity 
of  the  soil  or  rock  between  the  current  electrodes  is  computed  from  the  measured  data 
and  plotted  (Figure  30b). 

In  the  electrical  resistivity  method,  the  conductivity  of  different  strata  varies  with 
the  ionized  salts  present.  Dense  rock  with  few  voids,  little  moisture  and  little  ionization 
will  have  high  resistance  while  saturated  clay  will  have  low  resistance. 

The  resistivity  method  may  be  used  to  make  (1)  resistivity  depth  measurements  at  a 
selected  point  (electrical  drilling)  or  (2)  fixed  depth  resistivity  measurements  along  a 
traverse  line  (electrical  trenching).  The  results  of  an  electrical  resistivity  survey  can 
delineate  a  well-defined  boundary  between  a  low-resistance  material,  such  as  fine-grained 
soil,  and  a  high-resistance  material,  such  as  sound  rock.  Resistivity  methods  are 
particularly  useful  in  locating  pockets  of  clean  gravel  (high  resistance)  within  deposits  of 
mixed-grained  glacial  drift  or  fine-grained  soil  (low  resistance).  However,  this  method 
requires  a  high  resistivity  contrast  between  the  materials  being  located.  Different 
materials  of  similar  resistivity  cannot  be  differentiated. 

Resistivity  surveys  can  be  very  useful  when  mapping  regions  with  transition 
materials.  As  weathering  progresses,  both  the  clay  content  and  porosity  tend  to  increase 
which  in  turn  decreases  the  resistivity.  The  weathered  zones,  and  to  some  extent  the 
weathering  profile,  will  be  discernable  by  the  variation  in  resistivity  values.  Minor 
changes  will  be  difficult  to  interpret;  therefore,  frequent  correlations  with  boreholes  is 
necessary. 

3.5.1.3  Magnetic  and  Gravity 

Magnetic  and  gravity  methods  are  somewhat  similar  with  respect  to  field 
operations,  but  distinctive  as  to  the  type  of  physical  measurements.  In  the  magnetic 
procedure,  a  magnetometer  is  used  to  measure  the  vertical  component  of  the  earth's 
magnetic  field  at  closely  spaced  stations  in  an  area.  These  measurements  are  corrected 
for  certain  systematic  variations.  The  resulting  magnetic  values  relate  to  local 
subsurface  conditions.  In  the  gravity  method,  a  gravimeter  is  used.  Measurements  of  the 
force  of  gravity  are  made  at  certain  field  stations  and  corrected  for  variations  as 
necessary.   The  corrected  gravity  values  reflect  conditions  below  the  surface. 

These  two  methods  are  not  used  in  engineering  investigations  as  frequently  as  the 
seismic  and  resistivity  methods.  The  main  reason  for  the  infrequent  application  is  that 
gravity  and  magnetic  measurements  are  less  easily  interpreted  in  quantitative  terms. 
There  are  cases,  however,  where  either  the  magnetic  or  gravity  method  may  be  uniquely 
suited  to  obtain  subsurface  information.  For  example,  the  magnetometer  is  an  excellent 
tool  for  outlining  intrusive  dikes,  and  the  gravimeter  can  be  used  in  searching  for  buried 
solution  channels  or  caverns. 
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These  methods  can  be  useful  when  investigating  materials  in  a  weathered  profile. 
Density  changes  from  point  to  point  create  anomalies  in  the  gravity  field  which  can  be 
detected.  Such  zones  of  extreme  weathering  can  be  bound  for  further  study.  Magnetic 
surveys  can  be  of  value  since  the  weathering  process  demagnetizes  rock.  Zones  of 
weathering  intensity  can  thus  be  mapped  by  precise  measurement  of  the  magnetism  in  an 
area. 

3.5.1.4   Advantages  and  Limitations 

Geophysical  methods  have  two  important  advantages.  First,  they  permit  a  rapid 
coverage  of  large  areas  at  a  relatively  small  cost.  Second,  they  are  not  hampered  by 
boulders  or  coarse  gravel  that  obstruct  borings.  These  qualities  make  them  useful  for  both 
reconnaissance  and  exploration. 

For  geophysical  methods  to  supply  geotechnically  useful  answers,  there  must  be 
contrasts  in  physical  properties  of  subsurface  layers.  These  contrasts  must  be  related  to 
or  affect  the  physical  measurements  that  are  made.  When  the  contrasts  between  the 
layers  are  large,  the  measured  responses  are  sharper  and  the  results  are  more  accurate. 

The  lack  of  a  unique  interpretation  of  each  method  is  a  distinct  disadvantage.  This 
is  particularly  serious  when  the  strata  are  neither  uniform  in  thickness  nor  horizontal. 
Irregular  or  transitional  contacts  often  are  not  identified.  In  addition,  strata  of  similar 
geophysical  properties  sometimes  have  greatly  different  engineering  properties.  If  the 
contact  is  very  irregular,  the  boundary  defined  by  resistivity  is  the  average  depth  for  a 
horizontal  distance  approximately  equal  to  the  depth.  The  same  boundary  defined  by 
seismic  refraction  is  the  depth  to  the  more  or  less  continuous  deeper  stratum.  For  these 
reasons,  geophysical  methods  always  must  be  used  as  a  supplement  to  the  direct  methods, 
and  the  results  should  be  verified  by  borings  before  definite  conclusions  are  reached. 

3.5.2    Borehole  Geophysical  Methods 

3.5.2.1    General 

Two  summaries  of  borehole  geophysical  techniques,  Ash,  et  al.  (1974)  and  Schmidt, 
et  al.  (1976),  are  provided  in  Appendix  B  of  this  report.  In  Ash,  et  al.  (1974),  several 
conditions  of  each  method  are  compared,  including  limitations  and  sensitivity. 

Geophysical  borehole  techniques  were  originally  developed  for  use  in  the  petroleum 
industry  to  determine  physical  parameters  needed  to  predict  the  location  of  subsurface  oil 
reservoirs.  Unfortunately,  the  parameters  of  interest  in  tunnel  exploration  are  very 
different  from  those  required  in  the  petroleum  industry.  Only  the  sonic/acoustic  method 
provides  direct  estimates  of  mechanical  characteristics  of  subsurface  materials,  and  then 
only  after  numerous  assumptions  are  made  in  the  interpretation  theory  (Christensen, 
1964).  The  other  geophysical  methods  estimate  ground  characteristics  by  using  empirical 
correlations.  Stratigraphy  can  be  obtained  by  comparing  the  geophysical  log  with  the 
boring  log  and  extrapolating  the  geophysical  data  in  order  to  obtain  global  stratigraphy 
between  boreholes. 

One  must  be  cautioned  that  the  geophysical  methods  do  not  provide  geotechnical 
properties  or  parameters  which  can  be  used  for  most  design.  For  example,  the  data 
generated  from  such  methods  are  only  valid  at  low  strains  so  even  if  such  techniques  were 
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100  percent  accurate  in  predicting  geotechnical  parameters,  such  results  would  not  be 
directly  applicable  to  most  design  since  the  critical  conditions  occur  at  much  greater 
strains. 

An  assessment  of  the  information  obtained  from  borehole  geophysical  techniques 
indicates  the  following: 

•  Geophysical    methods    provide   estimates    of    parameters   for   determining 
ground  characteristics  at  low  stress  levels,  and  stratigraphy. 

•  Geophysical  methods  provide  a  general  map  of  the  subsurface;  however,  this 
map  needs  improvement  for  specific  applications. 

•  Proper  interpretation  of  geophysical  data  requires  supplemental  boring  data. 

NOTE:  FHWA  has  sponsored,  and  currently  is  sponsoring  research  in  the  area  of  borehole 
geophysical  techniques  for  subsurface  investigation.  As  a  part  of  this  program,  it 
sponsored  the  "Forest  Glen  Field  Research  Experiment"  during  which  relatively  new 
borehole  geophysical  techniques  were  utilized  to  predict  the  geology  at  the  proposed  site 
of  the  Forest  Glen  Station  of  the  Washington  Metropolitan  Area  Transit  Authority 
(WMATA)  System.  The  results  of  these  studies  were  presented  at  a  conference  held  in 
March,  1978,  in  Alexandria,  Virginia.  The  Proceedings  of  this  conference  have  been 
published  (FHWA,  1979). 

3.5.2.2  Acoustic  Methods 


The  use  of' acoustic  methods  in  boreholes  consists  of  placing  a  source  of  acoustic 
energy  in  a  borehole,  emitting  acoustic  energy,  and  recording  the  response  of  the  emission 
within  the  borehole  or  another  borehole.  Such  methods  can  be  used  to  identify  joints, 
fractures,  and  changes  in  lithology  that  intersect  the  borehole  by  providing  an  acoustic 
"picture"  of  the  borehole  wall;  and  through  computer  analysis  of  emitted  and  received 
signals,  estimates  of  compressional  and  shear  wave  velocities  of  the  ground,  Poisson's 
ratio,  shear  and  bulk  moduli,  and  porosity. 

King  and  McConnell  (1973)  describe  an  acoustic-velocity  measuring  sonde  which 
can  be  used  in  water-filled  or  dry  AX-size  (1  7/8-inch  diameter)  boreholes  to  a  maximum 
depth  of  200  feet.  The  reflection  of  acoustic  waves  against  the  borehole  wall  detects 
inhomogeneities  such  as  joints  and  fractures,  and  changes  in  lithology.  Hamilton  and 
Myung  (n.d.)  discuss  another  acoustical  logging  device  called  the  Seisviewer  System,  which 
is  manufactured  by  the  Birdwell  Division  of  the  Seismograph  Service  Corporation  (SSC), 
Tulsa,  Oklahoma.  This  device  logs  a  continuous  acoustic  picture  of  a  borehole  wall,  with  a 
north-designated  orientation.  Physical  variations  in  the  wall  are  displayed  as  changes  in 
the  picture  intensity.  Another  variation  of  an  acoustic  sounding  device  is  the  "3-D" 
velocity  log,  also  developed  by  the  Birdwell  Division  of  SSC.  This  method  utilizes 
transmitting  and  receiving  transducers  placed  at  known  distances  down  the  borehole.  A 
pulse  is  generated  and  arrival  times  of  compressional  and  shear  waves  are  monitored  by 
the  receiver.  Output  can  be  evaluated  for  fracture  locations  (Myung  and  Helander,  1972). 

Cross-hole  techniques  incorporate  emitters  and  receivers  in  two  or  more  boreholes 
and  may  be  used  to  estimate  the  various  properties  mentioned  above  and  to  define 
soil/rock  boundaries  between  the  holes.    The  use  of  acoustical  methods  between  boreholes 
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has  a  major  limitation  in  that  random  noises  present  in  the  ground  may  mask  or  alter  the 
received  signal.  For  example,  King  and  McConnell  (1973)  suggest  a  relationship  between 
fracture  spacing  in  a  rock  mass  and  the  dominant  frequency  of  the  received  signal. 
Random  noise  could  alter  the  frequency  spectrum  of  the  received  signal,  which  would  lead 
to  misinterpretation  of  fracture  spacing. 

At  present,  the  most  promising  use  of  acoustic  methods  is  as  a  logging  tool  in  single 
boreholes.  Further  discussion  of  acoustic  methods  is  found  in  Myung  and  Helander  (1972), 
Hamilton  and  Myung  (n.d.),  King  and  McConnell  (1973),  Rubin,  et  al.  (1974),  and  Morris,  et 
al.  (1964). 

3.6       LARGE-SCALE  TESTING 

This  section  discusses  the  plate  bearing  and  direct  shear  tests,  and  monitoring  of  a 
pilot  bore  driven  in  advance  of  the  main  tunnel.  Such  methods  are  not  generally 
incorporated  in  a  subsurface  investigation  program,  but  may  provide  useful  information  in 
the  investigation  of  certain  hard  rock  tunnels. 

3.6.1    Plate  Bearing  Tests 

The  plate  bearing  test  may  be  used  to  evaluate  the  deformation  modulus  of  ground 
surrounding  an  opening  in  the  ground.  The  test  consists  of  pressing  a  plate  into  the  ground 
surface  until  the  ground  fails,  and  observing  the  stress-deformation  relationship  at  various 
points  during  the  test.  A  convenient  test  arrangement  is  to  place  bearing  plates  against 
opposite  walls  of  the  opening,  and  place  hydraulic  jacks  between  the  plates.  With  this 
configuration  the  jack  reaction  is  taken  by  one  of  the  walls.  Another  arrangement  is  to 
anchor  a  reaction  frame  into  ground  which  is  to  be  tested. 

Stagg  and  Zienkiewicz  (1974)  present  the  following  relationship  between  the 
applied  load  and  observed  displacement: 


W 


mP(l-v2) 


o  E    A 

Where:  W  =  average  displacement  of  the  loaded  surface 

m  =  a  load  coefficient  dependent  upon  shape 

of  the  loaded  surface  area 

P  =  total  normal  load 

v  =  Poisson's  ratio 

E  =  Young's  modulus 

A  =  area  of  the  loaded  surface 
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Table    25    shows  values  of  m,  the  load  coefficient,  for  various  shapes  of  loaded 
area. 


TABLE   25.   LOAD  COEFFICIENT,  m  (Stagg  and  Zienkiewicz,  1974) 

Circle  Rectangle  with  Ratio  of  Side  a:b 

1:1        1:1.5       1:2        1:3        1:5         1:10       1:100 
0.96  0.95      0.94        0.92      0.88      0.82      0.71       0.37 


In  order  to  obtain  an  even  pressure  distribution  over  the  loaded  surface,  bearing 
pads,  consisting  of  oil-filled  metal  cushions,  sheet  rubber,  or  a  layer  of  mortar,  may  be 
placed  between  the  loaded  surface  and  bearing  plates. 

Size  of  the  loaded  area  may  range  from  several  square  inches  to  10  square  feet. 
Since  the  purpose  of  the  in  situ  test  is  to  evaluate  a  volume  of  material  larger,  and 
including  more  inhomogeneities,  than  a  laboratory  sample,  size  of  the  loaded  area  should 
be  maximized. 

The  applied  load  should  be  sufficiently  high  to  deform  the  tested  material.  Loads 
of  300  to  700  tons  have  been  reported  (Rocha,  et  al.,  1955,  and  Stucky,  1953). 

Deformations  on  the  order  of  0.1  in.  are  generally  sufficient  for  performance  of  the 
plate  bearing  test,  and  can  be  measured  with  dial  gauges.  If  jacks  are  placed  between 
bearing  plates  positioned  on  opposite  walls,  displacement  is  measured  with  dial  gauges 
mounted  on  telescopic  measuring  arms  (Stagg  and  Zienkiewicz,  1974).  Otherwise,  gauges 
may  be  mounted  on  a  bridge  which  spans  the  test  area  and  is  anchored  in  stable  ground. 
Displacement  of  the  ground  and  bearing  plates  should  be  monitored  to  correct  for 
compression  of  the  bearing  plate(s)  and  bearing  pad(s). 

The  ground  is  loaded  in  stages,  with  the  load  removed  between  stages.  Data  is 
plotted  as  load  vs.  deformation,  and  may  demonstrate  hysteresis  and  inelastic 
deformation.  Values  of  the  modulus  of  deformation  and  information  respecting 
discontinuities  and  inhomogeneities  in  the  ground  may  be  obtained  from  the  load  vs. 
deformation  curves  (Serafim,  1964). 

Further  discussion  of  plate  bearing  tests  is  given  by  Rocha,  et  al.  (1955),  Nonveiller 
(1954),  Serafim  (1964),  and  Jaeger  (1961). 

3.6.2    Direct  Shear  Tests 

The  direct  shear  test  may  be  performed  on  a  large  scale  in  a  shaft,  adit,  or  pilot 
bore  to  evaluate  the  shear  strength  of  the  rock.   Typically,  a  block  or  rock  is  sheared  by  a 
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horizontal  jack  while  a  second  jack  exerts  a  perpendicular  load.  Performance  of  several 
tests  with  different  perpendicular  loads  will  permit  an  estimate  of  cohesion,  c,  and  angle 
of  shearing  resistance,  <)>  ,  in  Coulomb's  expression  of  shearing  resistance,  S  =  c  + 
a    tan  <|>  ,  where  a    is  the  applied  stress  in  the  perpendicular  direction. 

An  alternative  to  shearing  an  isolated  rock  block  is  to  shear  a  block  of  concrete 
that  has  been  cast  on  the  rock  surface.  It  is  assumed  that  the  shearing  resistance  of  the 
concrete  block  and  bond  between  concrete  and  rock  is  greater  than  that  of  the  rock,  and 
that  shearing  will  occur  within  the  rock  mass. 

Strength  values  obtained  from  direct  shear  tests  performed  on  intact  rock  blocks 
tend  to  exceed  the  overall  strength  of  the  rock  mass.  Lower  overall  strength  results  from 
discontinuities  of  low  strength  that  exist  in  the  rock  mass  but  not  in  the  isolated  test 
block. 

Direct  shear  tests  may  be  used  to  assess  the  shearing  resistance  of  discontinuities, 
as  discussed  in  Serafim  and  Lopes  (1961),  Zienkiewicz  and  Stagg  (1966),  and  Haverland  and 
Slebir  (1972). 

Under  certain  circumstances,  direct  shear  tests  are  valuable  for  obtaining 
information  on  in  situ  strength  properties.  However,  each  test  is  very  expensive,  and 
many  tests  may  be  necessary  to  obtain  mean  values  and  dispersions. 

3.6.3    Monitoring  of  Pilot  Bores 

Pilot  bores  are  small  diameter  tunnels  driven  in  advance  of  the  main  tunnel.  In 
addition  to  permitting  detailed  inspection  and  mapping  of  ground  conditions  on  a  first- 
hand basis,  and  performance  of  large  scale  in  situ  tests,  pilot  bores  provide  a  means  for 
evaluating  deformation  characteristics  of  the  ground  and  stress  conditions  in  relation  to 
position  of  the  heading. 

3.6.3.1   Flat  Jack 

In  situ  stress  may  be  evaluated  by  the  use  of  borehole  techniques  in  boreholes 
advanced  from  within  the  pilot  bore.  Such  techniques  are  discussed  in  Section  3.3.3.  In 
situ  stress  may  also  be  evaluated  by  use  of  the  flat  jack.  The  flat  jack  test  consists  of 
excavating  a  slot  in  the  roof,  invert,  or  sidewalls  of  the  tunnel;  inserting  a  thin-walled 
steel  jacket  into  the  slot;  and  pressurizing  the  jacket  until  deformation  resulting  from 
cutting  of  the  slot  is  cancelled.  Cancellation  pressure  is  a  measure  of  the  in  situ  stress  in 
the  direction  perpendicular  to  the  flat  jack. 

The  literature  provides  various  procedures  for  test  performance  and  methods  for 
data  interpretation.  The  procedure  described  herein  is  by  Roberts  (1974).  The 
arrangement  of  measuring  pins  and  slot  is  shown  on  Figure  31.  The  measuring  pins  are 
installed,  and  the  distance  between  different  sets  of  pins  is  measured  with  an 
extensometer  prior  to  cutting  the  slot.  The  slot  is  then  created  with  overlapping  drill 
holes  or  with  a  saw.  Slot  dimensions  are  from  13  to  19  inches  in  length  and  depth,  and  1 
1/2  inches  in  width.  Creation  of  the  slot  produces  local  stress  relief,  and  distance 
between  different  pin  combinations  is  measured  for  three  to  four  days.  The  flat  jack  is 
inserted  in  the  slot,  grouted  in  place,  and  left  to  sit  for  three  to  four  days  to  allow  the 
grout  to  harden.    Hydraulic  pressure  is  then  applied  to  the  flat  jack,  in  several  pressure 
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FIGURE  31.      ARRANGEMENT  OF  SLOT  AND   MEASURING  PINS 

FOR    FLAT    JACK    TEST 
(ROBERTS,  1974) 
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increments,  until  the  distance  between  sets  of  pins  is  the  same  as  before  the  slot  was  cut. 
Hydraulic  pressure  is  released  and  the  sequence  of  pressure  increment  and  measurement 
repeated  several  times,  for  several  days,  in  order  to  obtain  a  mean  cancellation  pressure. 

Alexander  (1960)  has  related  the  mean  cancellation  pressure  to  in  situ  stresses  as 
follows: 

S  =  aP  +  bQ 

Where:  S  =  ;  rock  stress  normal  to  the  flat  jack; 

P  =  the  mean  cancellation  pressure; 

Q  =  rock  stress  parallel  to  the  flat  jack; 

a,  b  =  constants  dependent  upon  slot 

geometry  and  position  of  measuring 
pins. 

According  to  this  relationship,  where  the  measurement  points  are  located  on  a  line 
bisecting  the  slot  and  at  a  distance  (1/3)  L  from  the  slot  of  length  L,  the  cancellation 
pressure  equals  the  stress  perpendicular  to  the  flat  jack.  Jaeger  and  Cook  (1969)  present 
equations  which  are  used  to  obtain  values  of  Young's  modulus  and  Poisson's  ratio  from 
measurements  of  displacement  and  cancellation  pressure  at  two  or  more  pin  sets  located 
different  distances  from  the  slot. 

One  drawback  of  the  flat  jack  test  is  that  measurements  are  made  at  a  surface 
where  the  rock  is  damaged  as  a  result  of  stress  concentration,  stress  relaxation,  the 
process  of  excavation,  or  any  combination  thereof,  and  that  the  cancellation  pressure  may 
not  reflect  undisturbed  in  situ  stresses. 

Further  discussion  of  the  flat  jack  test  is  presented  by  Alexander  (1960),  Panek 
(1961),  and  Merrill  (1964). 

3.6.3.2  Extensometers 

Extensometers  may  be  installed  in  boreholes  drilled  from  within  the  pilot  bore  to 
observe  deformation  characteristics  of  the  ground  as  the  heading  advances.  Observation 
of  ground  deformation  will  provide  information  useful  in  estimating  in  situ  stresses  and 
the  ability  of  the  ground  to  distribute  loads  around  the  tunnel  bore.  The  function  of  a 
borehole  extensometer  is  to  measure  the  displacement  of  a  point  at  some  depth  within  the 
borehole  relative  to  a  reference  point,  generally  located  at  the  mouth  of  the  borehole. 

Borehole  extensometers  may  include  one  or  more  reference  points  anchored  at 
various  depths  in  the  borehole.  Units  with  one,  two,  and  more  than  two  anchor  points  are 
termed  single  position,  double  position,  and  multiple  position  borehole  extensometers, 
respectively.  Multiple  position  borehole  extensometers  are  advantageous  because  much 
information  can  be  obtained  from  a  single  borehole. 

There  exist  three  basic  types  of  borehole  extensometers: 
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1.  Rod  Type 

2.  Wire  Type 

3.  Probe  Type 

Rod  type  units  consist  of  one  or  more  anchors  connected  to  a  reference  head  at  the 
mouth  of  the  borehole  via  a  steel  rod  or  tube.  Displacement  of  the  anchor  points  is 
measured  as  the  change  in  distance  between  the  reference  head  and  end  of  the  steel  rod  or 
tube.  Displacements  may  be  measured  with  a  dial  gauge,  strain  meter,  or  a  transducer. 

Several  versions  of  the  rod  extensometer  are  available.  They  vary  as  to  number 
and  type  of  anchors,  connection  of  rod  to  anchor,  design  of  reference  head,  and  method  of 
measurement  of  displacement.  Some  rod  extensometers  can  be  fitted  with  optional 
electronic  read-out  and  recording  devices.  Details  respecting  materials,  dimensions, 
installation,  and  operating  procedures  can  be  obtained  from  Interfels  International, 
Terrametrics,  Slope  Indicator  Company,  Hanna  (1973),  and  Cording,  et  al.  (1975). 

Wire  type  units  consist  of  one  or  more  anchors  connected  to  the  mouth  of  the 
borehole  via  a  steel  wire.  Displacement  of  the  anchor  points  may  be  measured  by  running 
the  steel  wires  around  circular  resistance  potentiometers.  Rotation  of  a  potentiometer  is 
sensed  with  a  null-balancing  wheatstone  bridge  circuit.  Other  sensing  devices  include  dial 
gauges,  vibrating  wire  strain  gauges,  and  bonded  electrical  resistance  strain  gauges. 

Wires  connecting  to  the  anchors  are  usually  encased  in  a  flexible,  oil-filled,  PVC 
tube  for  protection^  At  each  anchor,  one  wire  is  connected  to  a  washer  while  the  other 
wires  pass  through  guide  holes  to  deeper  anchor  points.  The  annulus  between  the  PVC 
tube  and  borehole  wall  is  fully  grouted.  The  grout  is  relatively  weak  and  deforms  with  the 
ground. 

As  with  rod  extensometers,  several  versions  of  the  wire  extensometer  are 
available.  Additional  information  may  be  obtained  from  Interfels,  Terrametrics,  Slope 
Indicator  Company,  Peter  Smith  Instruments,  and  Telemac. 

Errors  in  measurement  for  wire  type  extensometers  may  result  from  friction 
between  wires  in  the  borehole,  friction  between  wires  and  anchors  where  the  wires  pass 
through  the  anchors,  and  changes  in  physical  properties  of  the  wires  under  tension  and 
under  varying  temperatures. 

Probe  type  units  consist  of  anchors  which  are  not  connected  to  the  mouth  of  the 
borehole,  but  are  sensed  by  a  probe  which  is  run  along  the  borehole.  One  type  of  probe 
extensometer  uses  circular  metal  plates  as  anchors  that  are  sensed  by  an  impedance  coil 
or  radio  transmitter.  Another  type  uses  circular  magnets  as  anchors  that  are  sensed  by  a 
magnetic  reed  switch. 

Burland,  et  al.,  (1972)  describes  a  modification  of  the  magnetic  unit  where  the  reed 
switches  are  permanently  located  within  the  circular  magnets.  The  switches  are  attached 
to  a  stainless  steel  tube  operated  by  a  micrometer  drive  head  located  at  the  mouth  of  the 
borehole.  This  version  of  a  probe  extensometer  would  be  suitable  for  boreholes  drilled 
horizontally  and  vertically  from  the  sidewalls  and  crown  of  the  pilot  bore. 
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Additional  information  on  probe  type  extensometers  is  available  from  Burland,  et 
al.  (1972). 

In  general,  mechanically  read,  rod  type  extensometers  are  most  suitable  for  use  in 
monitoring  pilot  bores.  In  order  to  evaluate  short  term  effects  of  advancing  the  bore,  it  is 
advantageous  to  install  the  extensometers  close  to  the  face  as  excavation  proceeds.  The 
more  durable,  more  dependable  aspects  of  mechanically  read,  rod  type  extensometers 
make  them  more  suitable  than  the  other  more  sensitive  and  fragile  extensometers. 
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4.0  CLASSIFICATION  SYSTEMS 

4.1  INTRODUCTION 

Classification  systems  can  be  quantitative  or  qualitative.  In  addition,  classification 
systems  require  unique  parameter  definitions  or  criteria  which  will  effectively  ensure  that 
each  member  of  a  class  cannot  simultaneously  belong  to  another  class  in  the  same 
classification  system. 

Classification  systems  are  determined  through  quantitative  testing  or  through 
qualitative  techniques.  Quantitative  tests  are  conducted  using  specific  equipment  with 
specific  test  procedures  to  yield  data  which  are  analyzed  in  a  specific  way  to  yield  a 
result  (property  or  characteristic).  The  sequence  from  testing  to  final  result  is  the  same 
for  each  test  and  sample.  This  ensures  that  the  final  result  is  not  primarily  due  to 
variations  in  test  procedure,  equipment  characteristics  or  data  analysis.  Results  are  then 
put  into  appropriate  numerical  and/or  descriptive  classes  which  have  been  established  by 
existing  criteria. 

Qualitative  classification  systems  have  descriptive  class  systems.  However, 
specific  tests  are  not  required  to  assign  a  material  to  a  particular  descriptive  class. 
Qualitative  systems  that  have  been  skillfully  organized  and  presented  in  unambiguous 
terms  are  valid  classification  systems. 

Some  classification  systems  utilize  more  than  one  property  or  characteristic.  Some 
classification  systems  have  been  developed  for  general  use  and  other  systems  for  specific 
use.  The  combination  of  multiple  parameter  systems  and  general  or  specific  use  systems 
suggests  a  method  of  categorizing  classification  systems.  Figure  32  shows,  schematically, 
the  approach  developed  for  use  in  this  study.  Four  categories  of  classification  systems 
will  be  used.  Types  II  and  III  are  single  and  multiple  property  general  use  classification 
systems,  respectively.  Types  I  and  IV  are  single  and  multiple  property  specific  use 
classification  systems,  respectively. 

4.2  CLASSIFICATION  OF  GEOLOGIC  MATERIALS 

4.2.1     Soil  and  Rock 

Some  available  engineering  soils  classification  systems  are  categorized  in  Table  26. 
Details  of  these  systems  are  presented  in  Bowles  (1974),  and/or  Deere,  et  al.  (1969b).  In 
addition,  since  the  Unified  Soil  Classification  System  (USCS)  is  by  far  the  most  commonly 
used  soil  classification  system,  details  of  this  system  are  presented  in  Figure  33. 

The  USCS  is  simply  a  method  of  categorizing  soils  in  which  every  soil  sample 
examined  has  a  specific  class  and  symbol.  It  is  the  basis  for  factually  reporting  the  results 
of  field  exploration  and  laboratory  testing  and  is  not  intended  to  describe  or  comment  on 
ground  performance. 

Table  27  categorizes  the  more  important  rock  classification  systems.  Details  of 
these  systems  are  presented  either  in  this  chapter  or  in  Appendix  A  of  this  report. 
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GENERAL     USE 


SINGLE      PROPERTY 


II 


SPECIFIC    USE 


MULTIPLE      PROPERTY 


III 


IV 


FIGURE  32.  METHOD    OF    CATEGORIZING     CLASSIFICATION    SYSTEMS 

USED   IN   THIS    STUDY 
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TABLE  26.  CATEGORIZATION  OF  ENGINEERING 
SOILS  CLASSIFICATION  SYSTEMS 


USDA,  U.S.  Bureau  of  Soils 
(Grain  Size  Distribution) 

Terzaghi,  1950  (Descriptive) 

U.S.  Engineer  Dept. 
(Grain  Size  Distribution) 

MIT 

(Grain  Size  Distribution) 

ASTM 

(Grain  Size  Distribution) 

II 

I 

III 

IV 

uses 

(Grain  Size  Distribution, 
Atterberg  Limits) 

FAA 

(Grain  Size  Distribution, 

Atterberg  Limits) 

Deere,  et  al.  (1969a) 
(Shear  strength,  grain  size 
distribution;  volumetric  stability, 
stress  level,  deformability,  cemen- 
tation, density,  groundwater  level) 

AASHTO 

(Grain  Size  Distribution, 

Atterberg  Limits) 

NOTE; 

1.  Items  in  parentheses  refer  to  scales  in  the  classification 
system. 

2.  Category  II  information  obtained  from  Bowles,  1979. 
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TABLE  27.   CATEGORIES  OF  ENGINEERING  ROCK  CLASSIFICATION  SYSTEMS 


Deere,  1964  (Discontinuity  Spacing) 


Deere,  1964  (RQD) 

Brekke  and  Howard,  1973  (Scale  of 
Discontinuity) 


II 


Head,  1951  (Time  in  seconds  to  drill 
1/16"  using  standard  microbit) 

Lauffer,  1958  (Descriptive) 

Rolion,  1963  (Time  to  drill  1/32" 
using  standard  microbit) 

Coates,  1964,  1965  (Descriptive) 
I 


III 
Onodera,  1963  (Jointing,  Weathering, 
Seismic  Modulus,  Sonic  Modulus) 


Coates,  1964  (Shape  of  Stress-Strain 
Curve) 


Coates,  1965  (Uniaxial  Compres- 
sive Strength,  Prefailure 
Deformation,  Failure  Charac- 
teristics, Gross  Homogeneity, 
Continuity) 

Deere  and  Miller,  1966  (Rock  Type, 
Tangent  Modulus  at  50%  Ultimate 
and  Uniaxial  Ultimate  Strength) 


Merritt,  1968  (Intact  and  In  Situ  Com 
pression  Wave  Velocity,  RQD) 

Deere,et  al.,  1969  (RQD,  Joint  and 
Fracture  Spacing,  Strength  and 
Coherence,  Volumetric 
Stability,  Groundwater  Level) 

Myung  and  Helander,  1972  (Bulk 
Density,  Young's  Modulus) 


IV 
Coon,  1968  (Width  of  Opening,  RQD, 
Compressional  Wave  Velocities 
of  Intact  and  In  Situ  Rock) 

Barton,  et  al.,  1974  (RQD,  Joint  Set 
Number,  Joint  Roughness,  Joint 
Alterations,  Joint  Water  Reduc- 
tion, Stress  Reduction  Factor) 

Bieniawski,  Z.  T.,  1974  (Uniaxial  Com- 
pressive Strength,  RQD,  Joint 
Spacing,  Joint  Orientation,  Joint 
Condition,  Groundwater  Inflow) 


Wickham,  et  al,  1974  (Rock  Type, 

Condition,  Structure,  Joint  Spacing, 
Thickness  of  Discontinuity,  Dip 
Strike,  Joint  Condition,  Water 
Inflow) 


NOTE: 

Items  in  parentheses  refer  to  parameter  scales  in  the  classification  system. 
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An  assessment  of  Tables  26  and  27  indicates: 

•  No  engineering  soil  classification  system  specifically  addresses  the  needs  of 
the  tunneling  community, 

•  Generally  accepted  classification  systems  for  transition  materials  are  not 
available,  and 

•  Geologic  setting  is  not  considered  in  any  classification  system. 

Several  authors  have  attempted  to  relate  qualitative  to  quantitative  classification 
systems  for  soil  and  rock.  Deere,  et  al.  (1969a)  developed  a  Unified  Classification  of 
Geologic  Materials  and  related  this  system  to  Terzaghi's  Ground  Classification.  Deere,  et 
al.  (1969a)  also  related  the  Unified  Soil  Classification  system  to  Terzaghi's  Ground 
Classification  system.  Brandt  (1970)  did  essentially  the  same  with  the  Unified  Soil 
Classification  system  as  did  Deere,  et  al.;  except  he  used  the  typical  name  of  the 
dominant  soil  type,  whereas,  Deere,  et  al.,  used  symbols  representing  specific  classes  of 
material.   These  relationships  are  presented  in  Appendix  A  of  this  report. 

One  unfavorable  effect  of  combining  quantitative  and  qualitative  classification 
systems  is  that  specific  areas  actually  requiring  some  form  of  quantification  may  be 
overlooked. 

4.2.2   Transition  Materials 

There  is  a  large  quantity  of  literature  on  classifying  transition  or  weathered 
materials,  but  little  that  is  applicable  to  their  engineering  properties  and/or  construction 
behavior.  The  majority  of  classification  systems  available  is  descriptive  and  refers  to  the 
division  of  the  degree  of  weathering.  In  relation  to  tunnel  design  and  construction,  there 
is  need  for  a  classification  system  which  will  adequately  describe  the  materials  in  situ 
prior  to  their  appearance  in  the  heading.  Due  to  the  unique  characteristics  of  these 
materials,  the  first  division  that  must  be  defined  is  that  between  soil  and  rock,  i.e.,  what 
condition(s)  determine  whether  the  material  will  behave  as  soil  or  as  rock.  It  may  be  even 
more  feasible  to  develop  a  new  set  of  descriptors  and  treat  transition  materials  as  a  whole 
new  entity. 

For  tunneling,  the  classification  system  will  have  to  include  a  number  of 
descriptors  to  be  of  true  value.  An  ideal  system  would  deal  with  both  design  and 
construction,  which  in  fact  should  never  be  separated,  and  would  involve  not  only  natural 
behavior  characteristics  but  those  due  to  the  interaction  of  man  and  machine.  The 
following  list  is  of  those  desirable  inclusions  in  a  classification  for  transition  materials: 

Geologic  history 

Physical  characteristics 

Residual  stresses 

Durability 

Excavatability 

Bulking  characteristics  (mucking  and  hauling) 

Stand-up  behavior 

Behavior  changes  due  to  type  of  construction 

Long-term  behavior 
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Although  this  would  be  an  extensive  system  of  parameters,  indices  and  descriptors, 
it  must  be  remembered  that  there  are  a  great  number  of  factors  interacting  to  control  the 
behavior. 

The  first  step  must  be  the  adoption  of  a  system  to  which  we  can  relate  the  behavior 
on  the  various  jobs  that  have  and  will  encounter  these  materials.  In  Table  28 there  is  a 
categorization  of  a  number  of  systems  that  have  been  developed  in  the  past  25  years. 
Most  are  descriptive  systems  based  on  the  weathering  profile.  Details  of  these  systems 
are  contained  in  the  references  indicated. 

The  second  step  would  then  be  to  relate  the  significant  properties  to  the  selected 
system.  This  type  of  approach  can  be  used  to  establish  a  classification  system  for  these 
materials.  Using  existing  systems  and  case  studies  it  should  be  possible  to  relate  the 
characteristics  determined  in  the  site  investigation  with  those  during  construction  and 
through  the  life  of  the  project. 

4.3  CLASSIFICATION  SYSTEMS  IN  DESIGN  AND  CONSTRUCTION 

Several  authors  have  developed  classification  systems  for  use  in  the  design  and 
construction  of  tunnel  systems  and  components.  These  systems  are  presented  in  Tables  29 
and  30.  Table  29  illustrates  the  apparent  lack  of  soil  classification  systems  for  specific 
use  in  design  of  tunnel  support  systems.  The  principal  aspects  of  rock  tunnel  design 
addressed  by  classification  systems  are  as  follows: 

•  Estimating  loads. 

•  Providing    guidelines    to    facilitate    selection    of    support    systems    most 
compatible  with  site  conditions. 

•  Estimating  design  quantities. 

Table  30  shows  some  of  the  classification  and  descriptive  systems  that  are  used  as 
aids  to  construction.  Soil  classification  systems  serve  construction  needs  more  than 
design  needs.  The  main  emphasis  for  construction  applications  is  focused  on  estimating 
stand-up  time  and  describing  anticipated  ground  behavior  during  tunnel  excavation. 

4.4  A  REVIEW  OF  ROCK  CLASSIFICATION  METHODS  AND  THEIR  APPLICATION  TO 
THE  DESIGN  OF  PRIMARY  TUNNEL  SUPPORTS 


The  variety  of  index  properties  selected  by  different  investigators  is  a  measure  of 
both  the  relative  significance  attached  to  these  properties  and  the  perceived  ease  of 
obtaining  the  necessary  information  concerning  them.  Some  factors  are  perceived  to  be 
important  but  not  quantifiable.  The  absence  of  quantitative  information  regarding  these 
factors  renders  suspect  some  of  the  classification  methods  which  predict  rock  loads  for 
support  design. 

Where  classification  is  used  as  a  tool  for  support  design,  it  is  directed  to  the  short- 
term  loads  on  temporary  supports  and  is  always  empirically  derived  from  observation  of 
support  used  in  a  large  number  of  cases. 


Ill 


TABLE  28.  CATEGORIZATION  OF  SYSTEMS  AVAILABLE  FOR 
USE  WITH  TRANSITION  MATERIALS 


Id 
0) 
+-» 

e 

(0 

u 

cu 

"ab 

c 

(75 

General 

Specific 

II 

Brekke  &  Howard,  1972  (Fault 
gouge-dominant  material) 

Oliver,  1973  (Sedimentary  rock- 
strength  swell  ratio) 

Skempton  &  Davis,  1966  (Keuper 
marl-structure) 

Ruxton  &  Berry,  1957  (Granite- 
degree  of  weathering) 

Moye,  1955  (Granite  Gneiss-degree 
of  weathering) 

Vargas,  1953  (Gneiss-degree  of 
weathering) 
I 

la 

0) 

£ 
(d 

I* 
«j 
a 

j« 
"3. 

3 

III 

Dearman,  et  al.,  1978  (Discolor- 
ation, relative  strength, 
structure) 

Deere  &  Patton,  1971  (weathering, 
RQD,  %  recovery,  permeability, 
relative  strength) 

Geologic  Society  of  London,  1970 
(degree  of  weathering,  discolor- 
ation, structure) 

Fookes  &:  Horswill,  1970  (Discolor- 
ation, discontinuities,  structure) 

Terzaghi  (Goodman,  1976)  (degree 
of  weathering,  durability,  volume 
change  characteristics) 

IV 

Robert  B.  Baiter...,  1975  (MTA- 
Descriptive) 

Little,  1970  (Residual  Tropical 
Soil  <3c  Chalk-structure,  relative 
strength,  recovery,  discoloration) 

Knill  &  3ones,  1965  (Gneiss-weathering, 
structure,  core  recovery  ) 

Rousseau,  et  al.,  1965  (Pocket) 

of  Decalcification-color,  mineralogy, 

structure) 
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TABLE  29.    CLASSIFICATION  SYSTEMS  IN  DESIGN  OF  TUNNELS 


Classification  System 

Use  in  Design 

1.       Terzaghi's  Rock  Load  (1946a) 

Estimate  rock  loads  for  design 
of  steel  support  systems. 

2.       Barton,  et  al.  (1974) 

Assist  in  selection  of  appropriate 
final  support. 

3.       Coon  (1968) 

Estimate  support  requirements. 

4.       Liner  and  Lauffer  (1970) 

Select  design  thickness  of  shot- 
crete. 

5.       Cording,  et  al.  (1971) 

Estimate  rock  loads  for  design 
of  steel  support  systems. 

6.       Merritt  (1972) 

Assist  in  the  selection  of  appro- 
priate primary  support  system. 

7.       Wickham ,  et  al.  (1972) 

Assist  in  primary  final  support 
design. 

8.       Bieniawski  (1974) 

Assist  in  the  selection  of  appro- 
priate primary  support  system. 

8 

NONE 

TABLE  30.  CLASSIFICATION  SYSTEMS  IN  CONSTRUCTION  OF  TUNNELS 


Classification  System 

Use  in  Construction 

u 
o 

1.  Deere,  et  al.  (1969a) 

2.  Terzaghi (1946a) 

Estimate  Stand-up  Time 

Describes  behavior  of  rock 
through  which  tunnels  may 
be  driven 

O 

1.  Lauffer  (1958) 

2.  Liner  and  Lauffer  (1970) 

3.  Bieniawski  (1974) 

4.  Terzaghi  (1950) 

Estimate  Stand-up  Time 

Estimate  Stand-up  Time 

Estimate  Stand-up  Time 

Describes  ground  behavior  as 
heading  is  being  advanced 
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There  is  considerable  divergence  between  the  empirical  approach  to  design  of 
temporary  supports  and  the  theoretical  approach  often  applied  to  the  design  of  permanent 
support  (typically  cast-in-place  concrete)  installed  at  a  later  date.  Temporary  supports 
are  installed  at  the  time  of  excavation  with  the  purpose  of  preventing  loosening  of  the 
rock  mass  with  consequent  increase  in  rock  load  as  well  as  to  provide  a  safe  work  place. 
In  swelling  or  squeezing  ground,  the  approach  is  somewhat  modified  because  of  the 
impossibility,  as  well  as  the  undesirability,  of  preventing  movement,  but  the  principle 
remains  the  same.  In  all  cases,  the  support  is  installed  so  as  to  meet  the  actually  observed 
needs  and  is  almost  always  determined  by  the  experience  of  the  foreman.  The  only 
engineering  input  is  a  prediction  of  the  range  of  conditions  likely  to  be  encountered  and 
provision  of  the  materials  and  equipment  necessary  to  deal  with  this  range  of  conditions. 

The  permanent  lining,  on  the  other  hand,  is  often  designed  on  the  basis  of  an 
idealized  and  simplified  mathematical  model  which  disregards  the  conditions  actually 
encountered  and  usually  also  disregards  the  presence  of  the  primary  support  system.  It  is 
not  the  purpose  of  this  review  to  deal  with  the  design  of  permanent  supports,  except  to 
illustrate  the  divergence  of  opinion  as  to  the  rock  properties  which  are  important  as 
between  empirical  and  theoretical  design  methods. 

Certainly  the  difficulties  and  uncertainties  inherent  in  mathematical  formulations 
have  encouraged  a  return  to  empirical  methods  for  selection  and  design  of  tunnel  supports. 
These  methods  generally  seek  to  use  a  number  of  properties  of  the  rock  which  are 
quantified  and  combined  to  produce  an  index.  This  index  is  then  used  to  forecast  the  rock 
load  or,  more  directly,  the  support  required  for  a  specific  tunnel  section.  Several  of  these 
methods  are  described  subsequently. 

4.4.1  Terzaghi  ' 

Terzaghi  (1946a)  associated  the  load  to  be  carried  by  steel  supports  and  wood 
lagging  (typically)  with  the  amount  of  the  loosened  or  disturbed  rock  above  and  around  the 
tunnel.  In  so  doing,  he  examined  the  rock  type  and  structure,  the  orientation,  spacing,  and 
condition  of  joints  and  water  inflow.  He  also  dealt  with  swelling,  squeezing  and  running 
conditions. 

Rather  than  assigning  index  properties  to  these  factors,  Terzaghi  combined  them 
directly  into  an  overall  rock  condition.  He  assigned  a  range  of  coefficients  to  be  used 
within  each  step  of  the  classification  which  yields  a  value  of  rock  load  dependent  upon  the 
rock  condition  and  tunnel  size.  The  discussion  preceding  the  tabulation  is  designed  to 
guide  the  choice  of  coefficient  within  the  established  range. 

The  tabulation  is  reproduced  herein  as  Table  31. 

Terzaghi  also  went  on  to  discuss  the  effect  of  construction  methods  on  loading. 

4.4.2  Deere,  et  al. 

Deere,  et  al.  (1969b)  pursued  an  investigation  of  index  properties  of  numerous  kinds 
of  rock  from  different  construction  projects.  In  particular,  correlations  were  sought 
between  the  results  of  other  kinds  of  tests  and  the  proportion  of  intact  core  in  pieces 
exceeding  lengths  of  4,  6  and  12  inches  to  total  depth  bored.    The  best  correlations  were 
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TABLE  31.    CLASSIFICATION  AND  DESIGN  (Terzaghi,  1946a) 
TERZAGHI  ROCK  LOADS 


Rock  load  H    in  feet  of  rock  on  roof  of  support  in  tunnel 

P                                                                                   1 
with  width  B  (ft)  and  height  Ht  (ft)  at  depth  of  more  than  1.5  (B  +  Ht) 

Rock  Condition 

Rock  Load  H    in  feet 
P 

Remarks 

1.   Hard  and  intact 

Zero 

Light  lining,  required 
only  if  spalling  or  popping 
occurs. 

2.   Hard  straiif  ied  or 
schistose 

0  to  0.5  B 

Light  support.  Load  may  change 
erratically  from  point  to  point. 

3.    Massive,  moderate- 
ly jointed 

0  to  0.25  B 

Load  may  change  erratically 
from  point  to  point. 

4.    Moderately  blocky 

0.25  B  to  0.35  (B  +  Ht) 

No  side  pressure. 

5.    Very  blocky  and 
seamy 

0.35  to  0.10  (B  +  Ht) 

Little  or  no  side  pressure. 

6.   Completely 
crushed  but 
chemically  intact 

1.10  (B  +  Ht) 

Considerable  side  pressure. 
Softening  effect  of 
seepage  towards  bottom 
of  tunnel  requires  either 
continuous  support 
for  lower  end  of  ribs 
or  circular  ribs. 

7.    Squeezing  rock, 
moderate  depth 

1.10  to  2.10  (B  +  Ht) 

Heavy  side  pressure 
invert  struts  required. 

8.   Squeezing  rock, 
great  depth 

2.10  to  4.50  (B  +  Ht) 

Circular  ribs  are  recommended. 

9.   Swelling  rock 

Up  to  250  ft  irrespec- 
tive of  value  of  (B  + 

Ht) 

Circular  ribs  required. 
In  extreme  cases,  use 
yielding  support. 

The  roof  of  the  tunnel  is  assumed  to  be  located  below  the  water  table. 
If  it  is  located  permanently  above  the  water  table,  the  values  given  for 
types  4  to  6  can  be  reduced  by  fifty  per  cent. 

Some  of  the  most  common  rock  formations  contain  layers  of  shale. 
In  an  unweathered  state,  real  shales  are  no  worse  than  other  stratified 
rocks.   However,  the  term  shale  is  often  applied  to  firmly  compacted 
clay  sediments  which  have  not  yet  acquired  the  properties  of  rock. 
Such  so-called  shale  may  behave  in  the  tunnel  like  squeezing  or  even 
swelling  rock. 

If  a  rock  formation  consists  of  a  sequence  of  horizontal  layers  of  sand- 
stone or  limestone  and  of  immature  shale,  the  excavation  of  the  tunnel 
is  commonly  associated  with  a  gradual  compression  of  the  rock  on  both 
sides  of  the  tunnel,  involving  a  downward  movement  of  the  roof.   Further- 
more, the  relatively  low  resistance  against  slippage  at  the  boundaries 
between  the  so-called  shale  and  rock  is  likely  to  reduce  very  considerably 
the  capacity  of  the  rock  located  above  the  roof  to  bridge.   Hence,  in 
such  rock  formations,  the  roof  pressure  may  be  as  heavy  as  in  a  very 
blocky  and  seamy  rock. 
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with  the  excess  4  inch  core  length  criterion.  The  latter  was  given  the  name  Rock  Quality 
Designation  (RQD)  and  defined  as  the  ratio  of  the  sum  of  natural,  core  length  pieces  four 
inches  or  longer  in  length  to  the  total  length  of  core  recovered.  It  was  also  found  that 
there  was  a  good  correlation  between  RQD  and  seismic  velocity  ratio. 

Deere,  et  al.,  went  on  to  examine  correlations  between  RQD  and  engineering 
properties  of  the  rock  and  found  a  satisfactorily  high  correlation  between  RQD  and  extent 
of  support  required.  It  was  concluded  that  RQD  would  provide  a  simple  index  to  evaluate 
the  occurrence  of  geologic  discontinuities  and  their  effect  on  deformability,  shear 
strength  and  the  overall  character  of  the  rock  as  indicated  by  the  rate  of  construction  and 
support  requirements. 

The  proposed  classification  system  and  its  relationship  to  engineering  properties  of 
the  rock  mass  and  construction  factors  is  reproduced  in  Table  32. 

kA.3    Cecil 

Cecil  (1975)  examined  90  Scandinavian  tunnels  which  included  comparisons  of 
support  requirements  using  rock-bolts  and  shotcrete  with  RQD,  seismic  velocity  ratio  and 
average  spacing  of  discontinuities.  After  discarding  special  cases  where  softening  of  clay 
joint  fillings,  or  other  conditions,  had  an  overriding  effect  on  support  design,  Cecil  showed 
reasonable  correlations  between  two  of  the  three  aforementioned  factors.  However,  since 
Deere,  et  al.  (1969b)  had  shown  that  there  is  an  equivalence  between  RQD  and  the  square 
of  the  seismic  velocity  ratio,  and  since  RQD  is,  at  least  to  some  extent,  a  measure  of  the 
distance  between  discontinuities,  this  work  is  perhaps  best  regarded  as  an  extension,  or 
amplification,  of  the  work  by  Deere,  et  al. 

Cecil  points  out  that  there  were  no  systematic  design  guidelines  or  rules-of-thumb 
for  tunnel  supports  in  the  tunnels  examined.  The  investigation,  therefore,  serves  as  a 
measure  of  the  correlation  between  rock  properties  and  visual  observation  by  the  tunnel 
foreman.  A  classification  is  proposed  based  on  the  rock  mass  structure  as  shown  in  Table 
33.   No  numerical  index  values  are  provided  in  this  classification. 

In  addition  to  this  classification,  Cecil  considered  the  ratio  of  joint  spacing  to  span 
width,  the  joint  spacing  being  taken  in  intervals  of  <5cm,  5-30cm,  30cm-lm,  l-3m  and 
greater  than  3m. 

Actual  tunnel  support  was  compared  with  the  ratio  of  joint  spacing  to  span  width  to 
indicate  the  type  of  support  in  each  range.  The  most  significant  conclusion  was  that  no 
relationship  exists  between  support  used  and  span  width  for  the  observed  cases,  although 
heavier  supports  are  most  common  for  average  discontinuity  spacings  of  less  than  30  cm. 
Nevertheless,  the  tabulations  shown  in  Table  34  were  formulated. 

In  a  similar  way,  Cecil  concluded  that  no  relationship  exists  between  rock  mass 
structure  classification  and  support  used. 

In  considering  RQD,  Cecil  found  significant  correlation  if  those  cases  where 
softening  clay  is  present  in  the  joints  were  excluded  from  consideration.  The  tabulation 
shown  in   Table   35   is   adapted  from   Cecil's   results.      While  no   values  are  stated  for 
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TABLE  33.   ROCK  MASS  STRUCTURE  CLASSIFICATION  (Cecil,  1975) 


Classification 


Description 


1 

2 
3 
It 
5 

6 
7 
8 


Massive,  no  or  few  discontinuities 

One  discontinuity  set 

One  discontinuity  set  and  random  discontinuity 

Two  discontinuity  sets 

Two  discontinuity  sets  and  random  discontinuity 

Three  discontinuity  sets 

Three  discontinuity  sets  and  random  discontinuity 

Crushed  rock  or  earth-like  material 


TABLE  34.  TUNNEL  SUPPORT  REQUIREMENTS  (Cecil,  1975) 


Average 
Discontinuity 
Spacing 


Tunnel  Support 


>  lm 
30   cm  -    lm 


None  to  widely  spaced  spot  bolts  (>  5m) 


Medium  to  closely  spaced  bolts  with 
one  shotcrete  application 


<  30  cm 


Multiple  shotcrete  applications, 
frequently  with  closely  spaced 
(<  2m)  bolts 
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TABLE  35.   DISTRIBUTION  ACCORDING  TO  ACTUAL  SUPPORT 
USED  (Cecil,  1975) 


Actual  Support 
Used 

Classification 

Maximum 

Intermediate 

Minimum 

Maximum 

Intermediate 

Minimum 

95% 
21% 
14% 

5% 
71% 
18% 

0% 

8% 

68% 

NOTE: 


Maximum 


Closely  spaced  (<  2m)  rock  bolt,  multiple  shotcrete 
applications,  reinforced  shotcrete  as  cast  concrete 
and  in  combinations. 


Intermediate    = 


Minimum 


Widely  spaced  (  >5m)  rock  bolt  with  single  shotcrete 
application  to  closely  spaced  (<  2m)  rock  bolt 
with  single  shotcrete  application. 

No  support  or  medium  to  widely  spaced  rock  bolts. 
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maximum,  intermediate  and  minimum  designations,  they  would  appear  to  be  as  indicated 
on  Table  35. 

Cecil  further  notes  that  the  anomalies  in  correlation  between  support  and  RQD  are 
associated  with:  1)  all  rock  conditions  where  softening  clay  is  present,  2)  where  thin 
coatings  of  clay  and  joint  filling  exist  in  widely  spaced  joints,  and  3)  single  sets  of  steeply 
dipping,  closely  spaced,  tight  joints. 

The  relationship  between  tunnel  support  and  seismic  velocity  ratio  is  shown  in 
Table  36.  Also  included  is  a  check-list  rock  mass  classification  reproduced  in  Table  37. 

No  attempt  was  made  to  use  the  results  obtained  to  formulate  a  predictive  index, 
the  various  charts  being  left  to  speak  for  themselves.  It  should  also  be  noted  that  the 
ranges  of  rock  types  and  rock  qualities  considered  in  this  study  were  extremely  limited. 

4.4.4  Ikeda 

An  independent  investigation  was  conducted  by  Ikeda  (1970)  for  single  and  double 
track  railway  tunnels  in  various  rock  conditions.  Seventy  existing  tunnels  were  surveyed 
and  Ikeda  concluded  that  the  important  factors  were  rock  quality;  degree  of  fracturing  as 
represented  by  seismic  velocity;  state  of  weathering,  fractures  and  consolidation  (also 
represented  by  seismic  velocity  variation  from  intact  rock);  mechanical  rock  properties 
such  as  unit  weight,  Poisson's  ratio,  compressive  and  tensile  strength  and  angle  of  internal 
friction;  "expansibility"  of  the  rock  (which  this  writer  assumes  to  be  swelling  conditions); 
water  inflow;  and  depth  of  overburden. 

The  rocks  are  first  classified  according  to  rock  quality  and  seismic  velocity,  to  take 
account  of  the  first  three  factors,  with  rules  for  modification  of  the  mechanical 
properties  and  water  inflow.  No  account  is  taken  of  swelling  rock  or  depth  of  overburden 
in  the  classification.  However,  rules  are  given  for  determining  quantity  of  explosives, 
roof  support  requirements  and  concrete  lining  thickness  in  relation  to  rock  classification 
(albeit  with  minimum  justification)  and  a  table  is  provided  for  selection,  on  the  basis  of 
the  foregoing,  which  also  indicates  the  influence  of  the  construction  method  and  considers 
the  applicability  of  tunnel  boring  machines  (abbreviated  in  the  table  as  R.T.M., 
presumably  indicating  rotary  tunneling  machine). 

The  three  basic  tables  are  reproduced  in  Tables  38,  39,  and  40. 

4.4.5  Jacobs'  Rock  Structure  Rating 

In  a  report  prepared  by  Wickham,  et  al.  (1974)  of  Jacobs  Associates,  a  substantial 
effort  to  combine  index  values  for  various  rock  properties  into  a  single  index  related  to 
ground  support  requirements  is  described.  A  procedure  is  presented  to  apply  past 
experience  based  on  a  study  of  53  tunnel  projects,  broken  down  into  190  sections. 

The  geological  factors  considered  to  be  of  importance  were  rock  type,  joint 
patterns,  dip  and  strike,  discontinuities,  faults,  shears  and  folds,  groundwater,  rock 
material  properties,  and  weathering  or  alteration.  The  construction  factors  considered 
were  size  of  opening,  direction  of  drive,  and  method  of  excavation. 
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TABLE  36.   RELATIONSHIP  BETWEEN  SEISMIC  VELOCITY  RATIO 
AND  TUNNEL  SUPPORT  (Cecil,  1975) 


Seismic  Velocity  Ratio 

Tunnel  Support 

>   0.90 

0.S  -  0.9 

<  0.80 

Minimum 

Intermediate 

Maximum 

TABLE  37.  CHECK  LIST  FOR  ROCK  MASS  CLASSIFICATION  FOR 
FIELD  CASES  (Cecil,  1975) 


Case  Number 


Intact  Rock  Strength 

1  Sound 

2  Altered  or  weathered 

Rock  Mass  Structure 

3  Massive,  no  or  very  few  discontinuities 

4  One  discontinuity  set 

5  Two  discontinuity  sets 

6  Three  discontinuity  sets 

7  Random  discontinuity  (W),  Crushed  (C),  or  Earthlike  (E) 

Average  Discontinuity  Spacing 

S  Less  than  5  cm  (2  in.) 

9  5  cm  -  30  cm  (2  in.  -  1  ft) 

10  30  cm  -  1  m  (1  ft  -  3  ft) 

11  lm-3m(3ft-  10  ft) 

12  Greater  than  3  m  (10  ft) 

13  Discontinuity  Tightness  Tight  (T),  Open  (O) 

1*  Joint  Continuity  Continuous  (C),  Discontinuous  (D) 
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TABLE  37.  CHECK  LIST  FOR  ROCK  MASS  CLASSIFICATION  FOR 
FIELD  CASES  (Cecil,  1975)  (Continued) 


Case  Number 


Discontinuity  Type 

15  Joint 

16  Bedding  Plane 

17  Cleavage  or  schistosity 

18  Fault,  shear  "skol" 

Discontinuity  Filling  or  Coating 

19  None 

20  Non-softening  clay 

21  Softening  clay 

22  Other  low  friction  material 

23  Sandy  or  gravelly  material,  rock  fragments 

24  Alteration  along  joints 

Degree  of  Discontinuity  Planeness  (Intermediate  Scale) 

25  Plane 

26  Curved 

27  Irregular 

Degree  of  Discontinuity  Roughness 

28  Slickensided 

29  Smooth 

30  Rough 

Dip  of  Discontinuities 

31  0  -  30° 

32  30  -  60° 

33  60  -  90° 

Strike  of  Discontinuities 

34  0  -  30° 

35  30  -  60° 

36  60  -  90° 

37  Primary  RQD,  percent 

38  Instability   None  (N),  Wall  (W),  Roof  (R),  Both  (B) 
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TABLE  38.  CLASSIFICATION  OF  QUALITY  OF  ROCKS  (Ikeda,  1970) 


Quality  of  Rocks  Description 

A  (a)  Palaeozoic  &  Mesozoic  rocks  (clay,  slate, 

sandstone,  conglomerate,  chert,  greywacke, 
schalstein,  limestone,  etc.) 

(b)  Plutonic  rocks  (granite,  granodiorite  diorite, 
gabbro,  peridotite,  etc.) 

(c)  Hypabyssal  rocks  (granite  porphyry,  quartz 
porphyry,  porphyrite,  diabase) 

(d)  Volcanic  rocks  (some  part)  (basalt,  andesite 
and  rhyolite  of  mesozoic  era,  etc.) 

(e)  Metamorphic  rocks  (gneiss,  hornfels,  schist, 
phyllite,  quartzite,  etc.) 

B  (a)  Metamorphic  rocks  having  conspicuous 

schistosity 

(b)  Paleozoic  &  Mesozoic  rocks  having  a  fine 
bedding  plane 

C  (a)  Mesozoic  rocks  (some  part)  (shale,  sandstone, 

tuff  breccia,  etc.) 

(b)  Volcanic  rocks  (greatest  part)  (rhyolite, 
andesite,  etc.) 

(c)  Paleogene  rocks  (some  part)  (silicified  shale 
and  sandstone,  volcanic  tuff) 

D  Neocene  &  Paleogene  rocks  (mudstone,  shale, 

sandstone  conglomerate,  tuff,  lapilli  tuff,  tuff 
breccia,  welded  tuff,  etc.) 

E  Pleistocene  &  Neogene  rocks  (mudstone,  siltstone 

sandstone,  sand  and  gravel  rock,  tuff,  talus, 
volcanic  ejecta,  etc.) 

F  Alluvium  &  Diluvium  rocks  (clay,  silt,  sand, 

sand  and  gravel,  loam,  fan,  talus,  terrace, 
volcanic  ejecta,  etc.) 
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The  approach  to  the  problem  is  logical  and  the  logic  is  documented.  Information 
discarded  for  lack  of  applicability  is  identified  and  the  reason  for  discarding  it  is  given. 
There  was  a  limited  canvas  of  professionals  engaged  in  tunnel  construction  for  comments, 
and  these  comments  resulted  in  rational  changes  to  the  original  formulation  of  the  tables 
used,  and  reproduced,  in  Table  41. 

Table  41  combines  rock,  type,  geologic  structure  and  rock  condition  into 
"parameter  A"  weighted  to  a  maximum  value  of  30,  determines  "parameter  B"  by 
combining  direction  of  drive  relative  to  strike,  dip  and  the  joint  pattern,  with  a  maximum 
weight  of  45,  and  determines  "parameter  C"  by  relating  anticipated  water  inflow  and  joint 
condition  to  each  other  relative  to  the  sum  of  parameters  A  and  B  with  a  maximum  weight 
value  of  25. 

The  three  parameters  thus  determined  are  combined  by  adding  to  give  the  "Rock 
Structure  Rating,"  or  "RSR". 

This  RSR  can  then  be  compared  with  the  tunnel  diameter  in  Table  42  to  determine 
the  rock  load  to  be  supported. 

Further  tables  and  charts  are  included  in  the  reference  to  eliminate  the  necessity 
for  calculation  and  also  to  project  the  requirements  for  rock  bolt  and  shotcrete  support  as 
an  alternative  to  steel  ribs.  However,  the  author  cautions  that  the  latter  are  based  on 
little  information  and  no  reliable  theoretical  model. 

The  problem  of  swelling  and  squeezing  rock  is  excluded  from  consideration  and 
except  for  the  relationship  between  direction  of  drive  and  strike  and  dip,  construction 
methods  are  not  considered.  However,  an  attempt  is  made  to  yield  a  correspondence 
between  drill  and  blast  and  TBM  tunnels,  although  this,  too,  is  based  on  little  information. 

4.4.6     Bieniawski 

A  classification  system  has  been  proposed  by  Bieniawski  (1974)  which  recognizes 
the  following  six  parameters  as  the  most  significant  in  the  behavior  of  rock  masses: 

1.  Uniaxial  Compressive  Strength 

2.  RQD 

3.  Joint  Spacing 

4.  Joint  Orientation 

5.  Joint  Condition 

6.  Groundwater  Inflow 

Furthermore,  Bieniawski  proposes,  based  on  50-60  measurements  in  sandstone,  quartzite 
and  norite,  that  all  the  above  information,  except  uniaxial  compressive  strength,  can  be 
obtained  from  field  measurements.  This  difficulty  with  uniaxial  compressive  strength 
measurements  can  be  overcome  by  providing  a  correlation  between  point  load  strength 
index  and  uniaxial  compressive  strength. 

Joints  are  then  defined  as  all  discontinuities  such  as  joints,  faults,  bedding  planes  or 
other  sources  of  weakness.  He  further  proposes  that  in  the  joint  spacing  classification 
given  by  Deere,  et  al.  (1970),  it  be  considered  that  "blocky"  be  applied  to  a  rock  mass  with 
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three  joint  sets  of  average  spacing  0.3  to  1.0  meter,  while  fewer  joint  sets  would  be 
defined  as  "columnar"  (two  sets)  or  "tabular"  (one  set).  Therefore,  the  ordinary 
description  will  yield  conservative  results  where  fewer  than  three  sets  of  joints  are 
present. 

Following  discussion  of  the  other  parameters  involved,  Bieniawski  proposes  that 
Table  43  be  used  to  provide  an  overall  rating  by  adding  the  ratings  assigned  to  each 
parameter.  This  weighting  system  draws  on  the  work  performed  by  Wickham,  et  al.  (1972) 
preparatory  to  their  finally  proposed  Rock  Structure  Rating  (Wickham,  et  al.,  1974). 

In  assessing  the  effect  of  joint,  strike,  and  dip,  use  is  made  of  the  Wickham,  et  al. 
(1972)  tabulation. 

Bieniawski  goes  on  to  assign  rock  class  numbers,  descriptions  and  relationship  of 
span  to  stand-up  time  in  each  class  as  shown  in  Table  43. 

The  information  derived  from  the  rating  process  is  used  to  select  support  type  from 
Table  44.  Note  that  no  dimensional  information  is  provided  for  steel  set  design  and  no  rock 
loads  are  provided  for  any  design. 

Bieniawski  states  that  the  tabulations  for  rock  support  in  relation  to  rating  are 
based  on  experience,  but  detailed  information  is  not  provided. 

4.4.7    Barton,  Lien  &  Lunde 

Extending  the  work  done  by  Cecil  (see  Section  4.4.3)  and  adding  110  more  cases, 
Barton,  et  al.  (1975)  have  arrived  at  a  very  comprehensive  evaluation  of  the  relationship 
between  rock  parameters  and  support  requirements. 

The  six  parameters  chosen  to  represent  the  quality  of  the  rock  mass  (Q)  are 
combined  as  follows: 


Q  =     RQD 
3n 


w 
SRF 


where: 


RQD 
J_ 


w 
SRF 


Rock  quality  designation 
Joint  set  number 
Joint  roughness  number 
Joint  alteration  number 
Joint  water  reduction  factor 
Stress  reduction  factor 
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These  factors  are  determined  from  the  comprehensive  tables  reproduced  in  Table 
k5.  It  is  apparent,  from  examination  of  these  tables,  that  the  significant  factors  are: 
RQD,  number  of  joint  sets,  joint  condition,  joint  filling,  water  inflow,  frequency  of 
discontinuities,  stress  field,  and  the  pressure  of  squeezing  and  swelling  rock. 

The  three  groups  of  factors  are  found  to  be  "crude  measures"  of  various  factors: 

RQD 
3        ,  represents  block  size 

—    ,  represents  interblock  shear  strength  ( ~   tan  $  ) 

w       ,  represents  active  stress 

SRF 

No  explanation  is  offered  for  the  method  of  combining  these  factors. 

The  approach  to  evaluating  the  ratings  is  very  detailed.  RQD  is,  of  course,  already 
a  number.  The  joint  set  number,  3  ,  recognizes  nine  categories  from  massive  to  crushed 
rock. 

The  joint  roughness  number,  3  ,  recognizes  nine  categories  divided  between  two 
groups.  The  first  group  applies  when  there  is  rock  wall  contact  or  rock  wall  contact  after 
less  than  10  cm  shear  while  the  second  group  applies  when  there  is  no  contact  when 
sheared.  The  first  group  is  spread  between  discontinuous  joints  and  slickensided  planar 
joints  while  the  second  is  for  thick  joint  fillings  of  clay  minerals  or  crushed  rock. 

The  joint  alteration  number,  3  ,  is  divided  into  three  groups  and  16  categories.  The 
groups  represent  conditions  of  rock  wall  contact,  contact  with  less  than  10  cm  shear  and 
no  contact  when  sheared.  The  first  group  ranges  from  tight,  non-softening,  impermeable 
filling  to  clay  or  mineral  coatings;  the  second  group  ranges  from  sandy  to  swelling  clay 
fillings,  and  the  third  group  from  zones  of  coated  rock  and  clay  to  thick  clay  zones. 

The  joint  water  reduction  factor,  3  ,  includes  six  categories  ranging  from  inflow  of 
less  than  5  litres/min  locally  to  exceptionally  high  sustained  flow. 

The  stress  reduction  factor,  SRF,  is  divided  into  four  groups  totalling  16  categories. 
The  first  group  deals  with  the  condition  when  weak  zones  intersect  the  tunnel  and  the 
categories  range  from  multiple  weak  zones  to  loose,  open  joints.  The  second  group  deals 
with  competent  rock  under  stress  in  categories  ranging  from  low  stress  near  the  surface  to 
heavy  rock  bursts  in  massive  rock.  The  third  group  deals  with  squeezing  rock  with  mild  or 
heavy  pressure. 
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TABLE  45.  A  ROCK  CLASSIFICATION  SYSTEM  (Barton,  et  al.,  1974) 


J. 


3. 


A. 
B. 
C. 
D. 
E. 
F. 
G. 

H. 

J. 


1.    Rock  Quality  Designation 


A.  Very  Poor 

B.  Poor 

C.  Fair 

D.  Good 

E.  Excellent 


2.   Joint  Set  Number 

A.  Massive,  no  or  few  joints 

B.  One  joint  set 

C.  One  joint  set  plus  random 

D.  Two  joint  sets 

E.  Two  joint  sets  plus  random 

F.  Three  joint  sets 

G.  Three  joint  sets  plus  random 

H.  Four  or  more^joint  sets,  random, 
heavily  jointed,  "sugar  cube",  etc. 
Crushed  rock,  earthlike 


Joint  Roughness  Number 

(a)  Rock  wall  contact  and 

(b)  Rock  wall  contact  before  10  cms  shear 
Discontinuous  joints 

Rough  or  irregular,  undulating 
Smooth,  undulating 
Slickensided,  undulating 
Rough  or  irregular,  planar 
Smooth,  planar 
Slickensided,  planar 

(c)  No  rock  wall  contact  when  sheared 
Zone  containing  clay  minerals  thick 
enough  to  prevent  rock  wall  contact 
Sandy,  gravelly  or  crushed  zone 

thick  enough  to  prevent  rock  wall  contact 


(RQD) 

0-25 

25-50 

50-75 

75-90 

90-100 


<V 

0.5-1.0 

2 

3 

4 

6 

9 

12 

15 
20 


<V 


4 

3 

2 

1.5 

1.5 

1.0 

0.5 


1.0 
1.0 


Note: 

(i)  Where  RQD  is  reported 

or  measured  as  =10 

(including  0)  a  nominal 

value  of  10  is  used 

to  evaluate  Q  in  Eq. 

(1) 

(ii)  RQD  intervals 
of  5,  i.e.,  100,95,90, 
etc.,  are  sufficiently 
accurate 


Note: 

(i)  For  intersections 

use  (3.0  x  J  ) 
n 

(ii)  For  portals  use 

(2.0  x  J  ) 
n 

Note: 

(i)  Descriptions  refer 
to  small  scale  features 
and  intermediate  scale 
features,  in  that  order. 


(ii)  Add  1.0  if  the 
mean  spacing  of  the 
relevant  joint  set 
is  greater  than  3  m 

(iii)  J    =  0.5  can  be 
used  tor  planar  slickensided 
joints  having  lineations, 
provided  the  lineations 
are  favorably  oriented. 
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TABLE  45.  A  ROCK  CLASSIFICATION  SYSTEM  (Barton,  et  al.,  1974)  (Continued) 


4. 


A. 


Joint  Alteration  Number 
(a)  Rock  wall  contact 


B. 
C. 


D. 


E. 


Tightly  healed,  hard,  non-softening, 
impermeable  filling,  i.e.,  quartz  or  epidote 
Unaltered  joint  walls,  surface  staining  only 
Slightly  altered  joint  walls.  Non-softening  mineral 
coatings,  sandy  particles,  clay-free  disintegrated 
rock,  etc. 

Silty-,  or  sandy-clay  coatings,  small  clay-fraction 
(non -softening) 

Softening  or  low  friction  clay  mineral  coatings, 
i.e.,  kaolinite,  mica.  Also  chlorite,  talc,  gypsum 
and  graphite,etc,  and  small  quantities  of  swelling 
clays.  (Discontinuous  coatings,  1-2  mm  or  less  in 
thickness) 

(b)  Rock  wall  contact  before  10  cms  shear 
Sandy  particles,  clay-free  disintegrated  rock,  etc. 

G.  Strongly  over-consolidated,  non-softening  clay 
mineral  fillings.  (Continuous,  but  <5mm  thickness) 
Medium  or  low  over-consolidation,  softening, 
clay  mineral  fillings.  (Continuous,  but  <  5mm 
thickness) 

Swelling-clay  fillings,  i.e.,  montmorillonite. 
(Continuous,  but  <  5mm  thickness).   Value  of  3 
depends  on  percent  of  swelling  day-size 
particles,  and  access  to  water,  etc. 

(c)  No  rock  wall  contact  when  sheared 
K,L,  Zones  or  bands  of  disintegrated  or  crushed 

M.  rock  and  clay  (see  G,  H,  3  for  description 

of  clay  condition) 
N.  Zones  or  bands  of  silty-  or  sandy-clay, 

small  clay  fraction  (non-softening) 
0,P,  Thick,  continuous  zones  or  bands  of  clay 
R.  (see  G,  H,  3  for  description  of  clay 

condition) 


F. 


H. 


3. 


o.) 


0.75 
1.0 


2.0 
3.0 


4.0 
4.0 
6.0 

8.0 


8.0-12.0 

6.0,8.0 
or  8.0-12.0 


5.0 

10.0,  13.0 

or  13.0-20.0 


approx.) 
25^-35°) 


25°-30°) 
20°-25°) 


8°-16°) 

25°-30°) 

16°-24°) 


12°-16°) 


6°-12°) 
6°-24°) 


6°-24°) 


Note: 

(i)  Values  of  (  *    )   are  intended  as  an  approximate  guide  to  the 
mineralogical  properties  of  the  lateration  products,  if  present. 
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TABLE  45.  A  ROCK  CLASSIFICATION  SYSTEM  (Barton,  et  al.,  1974)  (Continued) 


0  ) 

w 

Approx. 
water 

pressure 

(kg/cm2) 

1.0 

1 

0.66 

1.0-2.5 

0.5 

2.5-10.0 

0.33 

2.5-10.0 

0.2-0.1 

10.0 

0.1-0.05 

10.0 

5.    Joint  Water  Reduction  Factor 


A.  Dry  excavations  or  minor  inflow,  i.e.,     <  5      1/min, 
locally 

B.  Medium  inflow  or  pressure,  occasional  outwash 
of  joint  fillings 

C.  Large  inflow  or  high  pressure  in  competent  rock 
with  unfilled  joints 

D.  Large  inflow  or  high  pressure,  considerable 
outwash  of  joint  fillings 

E.  Exceptionally  high  inflow  or  water  pressure 
at  blasting,  decaying  with  time 

F.  Exceptionally  high  inflow  or  water  pressure 
continuing  without  noticeable  decay 

Note:  (i)  Factors  C  to  F  are  crude  estimates.  Increase  3     if  drainage 
measured  are  installed, 
(ii)  Special  problems  caused  by  ice  formation  are  not  considered. 

6.    Stress  Reduction  Factor 

(a)  Weakness  zones  intersecting  excavation,  which  may  cause 
loosening  of  rock  mass  when  tunnel  is  excavated 

A.  Multiple  occurrences  of  weakness  zones  containing  clay  or 
chemically  disintegrated  rock,  very  loose  surrounding  rock 
(any  depth) 

B.  Single  weakness  zones  containing  clay  or  chemically 
disintegrated  rock  (depth  of  excavation    ^  50  m) 

C.  Single  weakness  zones  containing  clay  or  chemically 
disintegrated  rock  (depth  of  excavation    >  50  m) 

D.  Multiple  shear  zones  in  competent  rock  (clay  free), 
loose  surrounding  rock  (any  depth) 

E.  Single  shear  zones  in  competent  rock  (clay  free)  (depth 
of  excavation  =  50  m) 

F.  Single  shear  zones  in  competent  rock  (clay  free)  (depth 
of  excavation  >  50  m) 

G.  Loose  open  joints,  heavily  jointed  or  "sugar  cube",  etc. 
(any  depth) 

Note: 

(i)  Reduce  these  values  of  SRF  by  25-50%  if  the  relevant  shear  zones 
only  influence  but  do  not  intersect  the  excavation. 


(SRF) 


10.0 

5.0 

2.5 

7.5 

5.0 

2.5 

5.0 
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TABLE  45.   A  ROCK  CLASSIFICATION  SYSTEM  (Barton,  et  al.,  1974)(Continued) 


(b)  Competent  rock,  rock  stress  problems 

OcAM  qt/g1  (SRF) 

H.  Low  stress,  near  surface  >  200  >  13  2.5 

3.   Medium  stress  200-10  13-0.66  1.0 

K.  High  stress,  very  tight 

structure  (Usually  favorable 

to  stability,  may  be  unfavorable 

to  wall  stability  10-5  0.66-0.33  0.5-2.0 

L.  Mild  rock  burst 

(massive  rock)  5-2.5  0.33-0.16  5-10 

M.  Heavy  rock  burst 

(massive  rock)  <  2.5  <  0.16  10-20 

(ii)  For  strongly  anisotropic  virgin  stress  field  (if  measured):  When 

5  £  al/a3£      10,  reduce CTC     and    °t    to  0.8  ac    and  0.8 at    ;  when 

al/a3  £         10,  reduce  at    and  at      to  0.6  ac    and  0.6  at ,  where: 

ac  =  unconfined  compression  strength,  and<*c  =  tensile  strength  (point  load),  and 

a    and  o->   =  major  and  minor  principal  stresses. 

(iii)  Few  case  records  available  where  depth  of  crown  below  surface  is  less  than 
span  width.  Suggest  SRF  increase  from  2.5  to  5  for  such  cases  (see  H). 

(c)  Squeezing  rock:  plastic  flow  of  incompetent  rock  under 

the  influence  of  high  rock  pressures  (SRF) 

N.  Mild  squeezing  rock  pressure  5-10 

0.  Heavy  squeezing  rock  pressure  10-20 

(d)  Swelling  rock:  chemical  swelling  activity 
depending  on  presence  of  water 

P.  Mild  swelling  rock  pressure  5-10 

R.  Heavy  swelling  rock  pressure  10-15 

ADDITIONAL  NOTES  ON  THE  USE  OF  TABLE  45: 

When  making  estimates  of  the  rock  mass  quality  (Q)  the  following  guidelines 
should  be  followed,  in  addition  to  the  notes  listed  within  Table  45. 

1.  When  borecore  is  unavailable,  RQD  can  be  estimated  from  the  number  of  joints 
per  unit  volume,  in  which  the  number  of  joints  per  metre  for  each  joint  set  are 
added.  A  simple  relation  can  be  used  to  convert  this  number  to  RQD  for  the  case 
of  clay-free  rock  masses  (Palmstrom,  1975): 

RQD  =  1 15  -  3.3  3y  (approx.)  (2) 
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ADDITIONAL  NOTES  ON  THE  USE  OF  TABLE  45  (Continued) 

where 

3 

1    =  total  number  of  joints  per  m 

(RQD  =  100  for  3y  <  4.5) 

2.  The  parameter  3  representing  the  number  of  joint  sets  will  often  be  affected  by 
foliation,  schistosity,  slatey  cleavage  or  bedding,  etc.  If  strongly  developed  these 
parallel  "joints"  should  obviously  be  counted  as  a  complete  joint  set.  However,  if 
there  are  few  "joints"  visible,  or  only  occasional  breaks  in  bore  core  due  to  these 
features,  then  it  will  be  more  appropriate  to  count  them  as  "random  joints"  when 
evaluating  3    in  Section  2. 

3.  The  parameters  3  and  J  (representing  shear  strength)  should  be  relevant  to  the 
weakest  significant  joinf  set  or  clay  filled  discontinuity  in  the  given  zone. 
However,  if  the  joint  set  or  discontinuity  with  the  minimum  value  of  (3/3  )  is 
favourably  oriented  for  stability,  then  a  second,  less  favourably  oriented  joint  set 
or  discontinuity  may  sometimes  be  of  more  significance,  and  its  higher  value  of 
3/3  should  be  used  when  evaluating  Q  from  equation  1.  The  value  of  (3/3  ) 
snoufd  in  fact  relate  to  the  surface  most  likely  to  allow  failure  to  initiate. 

4.  When  a  rock  mass  contains  clay,  the  factor  SRF  appropriate  to  loosening  loads 
should  be  evaluated  (Section  6a).  In  such  cases  the  strength  of  the  intact  rock  is  of 
little  interest.  However,  when  jointing  is  minimal  and  clay  is  completely  absent 
the  strength  of  the  intact  rock  may  become  the  weakest  link,  and  the  stability  will 
then  depend  on  the  ratio  rock-stress/rock-strength  (Section  6b).  A  strongly 
anisotropic  stress  field  is  unfavourable  for  stability  and  is  roughly  accounted  for  as 
in  Note  (ii),  Section  6b. 

5.  The  compressive  and  tensile  strengths  (  ac  and  °t  )  of  the  intact  rock  should  be 
evaluated  in  the  saturated  condition  if  this  is  appropriate  to  present  or  future  in 
situ  conditions.  A  very  conservative  estimate  of  strength  should  be  made  for  those 
rocks  that  deteriorate  when  exposed  to  moist  or  saturated  conditions. 
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There  are  many  additional  notes  within  the  tables  to  guide  precise  selection  of  the 
numerical  index  value. 

Once  values  have  been  calculated  for  Q,  the  support  chart  is  used  to  allocate  the 
rock  to  one  of  38  support  categories. 

The  excavation  support  chart  (Figure  34)  divides  the  tunnels  examined  into  38 
support  categories.  The  abscissae  gives  values  of  Q,  Rock  Mass  Quality,  while  the 
ordinate  represents  a  factor  called  "equivalent  dimension"  (D  ).  D  is  a  function  of  the 
size  and  purpose  of  the  excavation.  The  actual  span  or  wall  height  is  divided  by  the 
"excavation  support  ratio,"  a  factor  depending  on  use.  Proposed  values  of  this  ratio  are 
given  in  Table  46. 

Finally,  the  support  is  selected  from  Tables  47-50,  inclusive,  with  their 
accompanying  notes.  Worked  samples  are  given  in  an  appendix. 

The  detailed  work  performed  to  allocate  the  rock  to  a  support  category  gives  a 
very  detailed  classification.  However,  the  weighting  of  the  various  factors  is  subjective 
and  since  it  is  forced  to  fit  experience  (albeit  a  great  deal  of  experience),  nevertheless,  it 
does  not  result  in  a  prediction  of  rock  load  and  probably  would  not  be  applicable  to  types 
of  support  other  than  rock  bolts  and  shotcrete  in  rocks  of  the  same  origin  as  those  upon 
which  the  study  was  based. 

The  lack  of  justification  of  any  kind  for  the  method  of  combining  the  factors  to 
produce  values  of  Q  is  also  a  weakness. 

4.4.8  Lombardi 

The  question  of  theoretical  evaluation  of  tunnel  lining  stresses  was  addressed  by 
Lombardi  (1974)  with  especial  reference  to  time-dependent  behavior  of  the  rock  mass. 
His  formulation  of  the  problem  is  quoted  below: 

"Given,  a  rock  mass  the  initial  state  of  which  (position,  stresses,  temperatures)  is 
known  perfectly  and  the  mechanical  properties  of  which  (structure,  anisotropy, 
non-homogeneity,  strength,  deformability,  viscosity,  etc.)  are  known  exactly  at  all 
points.  The  excavation  and  lining  of  a  cavity  of  constant  section  and  of 
considerable  length  is  planned  using  an  exactly  defined  method  of  work,  the 
progress  of  which  over  a  period  of  time  is  perfectly  programmed  down  to  the 
smallest  detail.  Also  known  exactly  are  the  mechanical  properties  of  the  materials 
and  structures  used  to  support  the  tunnel. 

The  problem,  under  these  conditions,  is  to  determine  precisely  what  will  be  the 
displacements  of  various  points  of  the  rock,  especially  those  at  the  edge  of  the 
excavation,  both  during  and  after  the  excavation  and  what  are,  in  consequence,  the 
strains  in  the  supporting  structures.  The  results  obtained  must  then  be  examined  to 
ensure  that  they  meet  the  required  standards  of  safety  and  that  the  method  of 
construction  used  is  the  most  satisfactory  one." 

For  the  engineer  who  has  to  build  a  tunnel,  however,  the  problem  presents  itself  in 
somewhat  different  terms. 
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TABLE  46.  THE  EXCAVATION  SUPPORT  RATIO  (ESR)  APPROPRIATE  TO  A 

VARIETY  OF  UNDERGROUND  EXCAVATIONS  (Barton,  et  al.,  1975) 


Type  of  Excavation  ESR         No. 

A.  Temporary  mine  openings,  etc ca.     3-5?       (  2) 

B.  Vertical  shafts:  (i)  circular  section    ......  ca.     2.5?       (  0) 

(ii)  rectangular/square  section ca.     2.0?        (  0) 

C.  Permanent  mine  openings,  water  tunnels  for  hydro 
power  (exclude  high  pressure  penstocks),  pilot 
tunnels,  drifts  and  headings  for  large  excava- 
tions, etc .      .      .      .      1.6  (83) 

D.  Storage  rooms,  water  treatment  plants,  minor 
road  and  railway  tunnels,  surge  chambers, 

access  tunnels,  etc.  (hemispherical  caverns?)       .      .      .      .      1.3  (25) 

E.  Power  stations,  major  road  and  railway  tunnels, 

civil  defense  chambers,  portals,  intersections,  etc.  .      .      .      1.0  (79) 

F.  Underground  nuclear  power  stations,  railway 
stations,  sports  and  public  facilities, 

factories,  etc ca.      0.8?       (  2) 
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TABLE  47.  SUPPORT  MEASURES  FOR  ROCK  MASSES  OF  "EXCEPTIONAL", 
"EXTREMELY  GOOD",  VERY  GOOD"  AND  "GOOD"  QUALITY 
(Q  RANGE:    1000-10)  (Barton,  et  al.,  1975) 


Conditional  Factors 

Support 

l 

Cate- 

ROD 

Jr 

SPAN 

Type  of  Support 

Notes 

gory 

\ 

\ 

ESR 

1» 

_ 

_ 

. 

sb  (utg) 

. 

2* 

- 

- 

•  - 

sb  (utg) 

- 

3* 

- 

- 

- 

sb  (utg) 

- 

»* 

- 

- 

- 

sb  (utg) 

- 

5* 

- 

- 

- 

sb  (utg) 

- 

6* 

- 

■- 

- 

sb  (utg) 

- 

7* 

- 

- 

- 

sb  (utg) 

- 

8» 

- 

- 

- 

sb  (utg) 

- 

9* 

2  20 

_ 

_ 

sb  (utg) 

_ 

<  20 

- 

- 

B  (utg)  2.5-3  m 

- 

10* 

2  30 

_ 

_ 

B  (utg)  2-3  m 

_ 

<30 

— 

— 

B  (utg)  1.5-2  m 
♦elm 

— 

11* 

2  30 

_ 

_ 

B  (tg)2-3m 

_ 

<30 

— 

— 

B  (tg)  1.5-2  m 
+clm 

- 

12* 

2  30 

_ 

_ 

B  (tg)2-3m 

_ 

^ 

<30 

- 

- 

B  (tg)  1.5-2  m 
+clm 

— 

13 

£10 

21-5 

. 

sb  (utg) 

I 

2  10 

<1.5 

- 

B  (utg)  1.5-2  m 

I 

<10 

5 1.5 

- 

B  (utg)  1.5-2  m 

I 

<10 

<1.5 

~ 

B  (utg)  1.5-2  m 
+S  2-3  cm 

I 

14 

210 

- 

S15 

B  (tg)  1.5-2  m 
+clm) 

1,11 

<10 

- 

>15 

B  (tg)  1.5-2  m 
+S  (mr)  5-10  cm 

1,11 

™ 

— 

<15 

B  (utg)  1.5-2  m 
+clm) 

I.III 

15 

>10 

- 

- 

B(tg)   1.5-2  m 
+clm 

I,H,IV 

510 

B(tg)  1.5-2  m 
+S  (mr)  5-10  cm 

i,n,iv 

16* 

>15 

. 

- 

B(tg)  1.5-2  m 

i,v,vi 

See 

♦elm 

note 

<15 

- 

- 

B(tg)  1.5-2  m 

i,v,vi 

XII 

+S  (mr)  10-15  cm 

♦Authors'  estimates  of  support, 
of  support  requirements. 


Insufficient  case  records  available  for  reliable  estimation 


Note:  The  type  of  support  to  be  used  in  categories  1  to  8  will  depend  on  the  blasting 

technique.  Smooth  wall  blasting  and  thorough  barring-down  may  remove  the  need 
for  support.  Rough-wall  blasting  may  result  in  the  need  for  single  applications  of 
shotcrete,  especially  where  the  excavation  height  is  >  25  m.  Future  case  records 
should  differentiate  categories  1  to  8. 
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TABLE  48.  SUPPORT  MEASURES  FOR  ROCK  MASSES  OF  "FAIR"  AND  "POOR"  QUALITY 
(Q  RANGE:   10-1)  (Barton,  et  al„  1975) 


Conditional  Factors 

Support 

\ 

Cate- 

RQD 

SPAN 

Type  of  Support 

Note 

gory 

3n 

\ 

ESR 

>30 

_ 

_ 

sb  (utg) 

I 

v<30; 

- 

- 

B(utg)  1-1.5  m 

I 

17 

<10 

- 

i  6  m 

B  (utg)  1-1.5  m 
+S  2-3  cm 

I 

<10 

- 

<  6  m 

S  2-3  cm 

I 

>  5 

- 

f40m 

B  (tg)  1-1.5  m 
+clm 

I,III 

>  5 

- 

<10  m 

B  (utg)  1-1.5  m 

I 

18 

<  5 

- 

>10  m 

fijSj ,1-1.5  m 
+S  2^3  cm 

I, III 

<  5 

— 

<10  m 

B  (utg)  1-1.5  m 
+S  2-3  cm 

I 

_ 

_ 

>20m 

B  (tg)  1-2  m 

1,11,1V 

19 

+S  (mr)  10-15^.cm 

— 

— 

<20m 

B  (tg)  1-1.5  m 
+S  (mr)  5-10  cm 

MI 

20* 

_ 

_ 

>35m 

B  (tg)  1-2  m 

I,V,VI 

See 

+S  (mr)  20-25  cm 

note 

- 

- 

<35m 

B  (tg)  1-2  m 

Ui,iv 

XII 

+S  (mr)  10-20  cm 

*12.5 

<0.75 

. 

B  (utg)  1  m 

I 

21 

+S  2-3  cm 

<12.5 

<0.75 

. 

S  2.5-5  cm 

I 

- 

>0.75 

- 

B  (utg)  1  m 

I 

(  >  10r) 

1  <30  ' 

>1.0 

_ 

B  (utg)  1  m 

I 

+clm 

22 

<10 

>1.0 

- 

S  2.5-7.5  cm 

I 

30 

il.O 

- 

B  (utg)  1  m 

+S  (mr)  2.5-5  cm 

I 

>30 

- 

- 

B  (utg)  1  m 

I 

. 

_ 

>15m 

B(tg)  1-1.5  m 

I,II,IV,VII 

23 

+S  (mr)  10-15  cm 

" 

• 

<15m 

B(utg)  1-1.5  m 
+S  (mr)  5-10  cm 

I 

2k* 

— 

_ 

>30  m 

B  (tg)  1-1.5  m 

I.V.VI 

j€c 

+S  (mr)  15-30  cm 

note 

. 

. 

<30  m 

B(tg)   1-1.5  m 

I,II,IV 

xn 

+S  (mr)  10-15  cm 

♦Authors'  estimates  of  support.  Insufficient  case  records  available  for  reliable  estimation 
of  support  requirements. 
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TABLE  49.   SUPPORT  MEASURES  FOR  ROCK  MASSES  OF  "VERY  POOR"  QUALITY 
RANGE:    1.0-0.1    (Barton,  et  al.,  1975) 


Support 

Jr 

Cate- 

RQD 

SPAN 

Type  of  Support 

Note 

gory 

\ 

\ 

ESR 

>10 

>0.5 

- 

B  (utg)  1  m 
+mr  or  elm 

I 

25 

§10 

>0.5 

- 

B  (utg)  1  m 
+S   (mr)  5  cm 

I 

™ 

$0.5 

— 

B  (tg)  1  m 
+S  (mr)  5  cm 

I 

- 

- 

- 

B  (tg)  1  m 

+S  (mr)  5-7.5  cm 

VIILX, 
XI 

26 

*~ 

™ 

T 

B  (utg)  1  m 
+S  2.5-5  cm 

LIX 

- 

- 

£l2m 

B  (tg)  1  m 

+S  (mr)  7.5-10cm 

I,IX 

27 

- 

- 

<12m 

B  (utg)  1  m 

+S  (mr)  5-7.5  cm 

I,IX 

- 

- 

>12m 

CCA  20-40  cm 
+B  (tg)  1  m 

VIILX, 
XI 

" 

" 

<12m 

S  (mr)  10-20  cm 
+B  (tg)  1  m 

VIII,X, 
XI 

_ 

_ 

>30m 

B  (tg)  1  m 

LIV.V, 

28* 

+S  (mr)  30-40  cm 

IX 

See 

- 

- 

v  <3Gm' 

B  (tg)  1  m 

i.ii.iv, 

note 

+S  (mr)  20-30  cm 

IX 

XII 

- 

- 

<20m 

B  (tg)  1  m 

+5  (mr)  15-20  cm 

I,II,IX 

s 

" 

— 

*" 

CAA(sr)  30-100  cm 
+B  (tg)  1  m 

IV.VIII, 
X,XI 

>5 

>  0.25 

- 

B  (utg)  1  m 
+S  2-3  cm 

- 

29* 

<5 

>0.25 

- 

B  (utg)  1  m 
+S  (mr)  5  cm 

- 

" 

<0.25 

B  (tg)  1  m 
+S  (mr)  5  cm 

— 

^5 

- 

- 

B  (tg)  1  m 
+5  2.5-5  cm 

IX 

30 

<5 

- 

- 

S  (mr)  5-7.5  cm 

IX 

~ 

— 

— 

B  (tg)  1  m 

+S  (mr)  5-7.5  cm 

VIILX, 
XI 

>4 

- 

- 

B  (tg)  1  m 

+S  (mr)  5-12.5  cm 

IX 

3  4,  21.5 

- 

- 

S  (mr)  7.5-25  cm 

IX 

31 

<1.5 

- 

- 

CCA  20-40  cm 
+B  (tg)  1  m 

IX 

~ 

— 

— 

CCA  (sr)  30-50  cm 
+B  (tg)  1  m 

vn,x, 

XI 

32 

- 

_ 

220m 

B  (tg)  1  m 

ILIV, 

See 

+S  (mr)  40-60  cm 

IX 

note 

- 

- 

<20m 

B  (tg)  1  m 

iii.iv, 

XII 

+S  (mr)  20-40  cm 

IX 

~ 

— 

— 

CCA  (sr)  40-120  cm 
+B  (tg)  1  m 

IV,VIII, 
X,XI 

♦Authors'  estimates  of  support.  Insufficient  case  records  available  for  confident  prediction 
of  support  requirements. 
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TABLE  50.   SUPPORT  MEASURES  FOR  ROCK  MASSES  OF  "EXTREMELY  POOR"  AND 
"EXCEPTIONALLY  POOR"  QUALITY  (Q  RANGE:   0.1-0.001) 
(Barton,  et  al.,  1975) 


Conditional  Factors 

Support 

Cate- 

RQD 

r 

SPAN 

Type  of  Support 

Note 

gory 

\ 

]a 

ESR 

$2 

- 

- 

B  (tg)  I  m 

+S  (mr)  2.5-5  cm 

IX 

33* 

<2 

- 

- 

S  (mr)  5-10  cm 

IX 

- 

- 

- 

S  (mr)  7.5-15  cm 

VIII.X 

*2 

^0.25 

- 

B  (tg)  1  m 

+S  (mr)  5-7.5  cm 

IX 

<2 

>0.25 

- 

S  (mr)  7.5-25  cm 

IX 

Ik 

- 

<0.25 

- 

S  (mr)  15-25  cm 

IX 

— 

~ 

- 

CCA  (sr)  20-60  cm 
+B  (tg)  I  m 

VIII.X 
XI 

- 

- 

>15m 

B  (tg)  1  m 

+S  (mr)  30-100cm 

II.IX 

35 

- 

- 

^15m 

CCA  (sr)  60-200  cm 

vn.x, 

See 

+B  (tg)  1  m 

XI,  II 

note 

•    - 

- 

<15m 

B  (tg)  1  m 

IX.III 

XII 

+S  (mr)  20-75  cm 

™ 

™ 

<15m 

CCA  (sr)  40-150  cm 
+B  (tg)  1  m 

VIII,X, 
XI.III 

_ 

_ 

_ 

S  (mr)  10-20  cm 

IX 

36* 

- 

~ 

- 

S(mr)  10-20  cm 
+B  (tg)  0.5- 1.0m 

VIII.X, 
XI 

_ 

_ 

_ 

S  (mr)  20  -60  cm 

IX 

37 

- 

" 

- 

S  (mr)  20-60  cm 
+B  (tg)  0.5- 1.0m 

VIII,X, 
XI 

_ 

_ 

>10m 

CCA  (sr)  100-300  cm 

IX 

38 

- 

- 

>10m 

CCA  (sr)  100-300  cm 

VIII.X, 

See 

+B  (tg)  1  m 

S  (mr)  70-200  cm 

II,XI 

note 

- 

- 

<10m 

IX 

XIII 

— 

™ 

<10m 

S  (mr)  70-200  cm 
+B  (tg)  1  m 

VIII.X, 
IILXI 

♦Authors'  estimates  of  support, 
of  support  requirements. 


Insufficient  case  records  available  for  confident  prediction 
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SUPPLEMENTARY  NOTES  FOR  SUPPORT  TABLES  47,  48,  49  and  50. 

I.  For  cases  of  heavy  rock  bursting  or  "popping",  tensioned  bolts  with  enlarged 

bearing  plates  often  used,  with  spacing  of  about  1  m  (occasionally  down  to  0.8 
m).  Final  support  when  "popping"  activity  ceases.  (Selmer-Olsen,  1970) 

II.  Several  bolt  lengths  often  used  in  same  excavation,  i.e.,  3,  5  and  7  m. 

III.  Several  bolt  lengths  often  used  in  same  excavation,  i.e.,  2,  3  and  4  m. 

IV.  Tensioned  cable  anchors  often  used  to  supplement  bolt  support  pressures. 
Typical  spacing  2-4  m. 

V.  Several  bolt  lengths  often  used  in  same  excavations,  i.e.,  6,  8  and  10  m. 

VI.  Tensioned  cable  anchors  often  used  to  supplement  bolt  support  pressures. 
Typical  spacing  4-6  m. 

VII.  Several  of  the  older  generation  power  stations  in  this  category  employ 
systematic  or  spot  bolting  with  areas  of  chain  link  mesh,  and  a  free  span 
concrete  arch  roof  (25-40  cm)  as  permanent  support. 

VIII.  Cases  involving  swelling,  for  instance  montmorillonite  clay  (with  access  of 

water).      Room  for   expansion  behind  the  support  is  used  in  cases  of  heavy 
swelling.   See  Selmer-Olsen  (1970).   Drainage  measures  are  used  where  possible. 

IX.  Cases  not  involving  swelling  clay  or  squeezing  rock. 

X.  Cases  involving  squeezing  rock.  Heavy  rigid  support  is  generally  used  as 
permanent  support. 

XI.  According  to  the  authors'  experience,  in  cases  of  swelling  or  squeezing  ground, 
the  temporary  support  required  before  concrete  (or  shotcrete)  arches  are 
formed  may  consist  of  bolting  (tensioned  shell-expansion  type)  if  the  value  of 
RQD/J  is  sufficiently  high  (i.e.,  >1.5),  possibly  combined  with  shotcrete.  If 
the  rock  mass  is  very  heavily  jointed  or  crushed  (i.e.,  RQD/J  <1.5,  for 
example  a  "sugar  cube"  shear  zone  in  quartzite),  then  the  temporary  support 
may  consist  of  up  to  several  applications  of  shotcrete.  Systematic  bolting 
(tensioned)  may  be  added  after  casting  the  concrete,  but  it  may  not  be  effective 
when  RQD/3  <1.5,  or  when  a  lot  of  clay  is  present,  unless  the  bolts  are 
grouted  before  tensioning.  A  sufficient  length  of  anchored  bolt  might  also  be 
obtained  using  quick  setting  resin  anchors  in  these  extremely  poor  quality  rock- 
masses.  Serious  occurrences  of  swelling  and/or  squeezing  rock  may  require  that 
the  concrete  arches  are  taken  right  up  to  the  face,  possibly  using  a  shield  as 
temporary  shuttering.  Temporary  support  of  the  working  face  may  also  be 
required  in  these  cases. 

XII.  For  reasons  of  safety  the  multiple  drift  method  will  often  be  needed  during 
excavation  and  supporting  of  roof  arch.  Categories  16,  20,  24,  28,  32,  35 
(SPAN/ESR  >  15  m  only). 
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XIII.  Multiple  drift  method  usually  needed  during  excavation  and  support  of  arch, 

walls  and  floor  in  cases  of  heavy  squeezing.    Category  38  (SPAN/EST  >  10  m 
only). 


KEY  TO  SUPPORT  TABLES  47,  48,  49  &  50 


sb 

= 

spot  bolting 

B 

= 

systematic  bolting 

(utg) 

= 

untensioned,  grouted 

(tg) 

= 

tensioned  (expanding  shell  type  for  competent 
rock  masses;  see  Note  XI) 

S 

= 

shotcrete 

(mr) 

= 

mesh  reinforced 

elm 

= 

chain  link  mesh 

CCA 

= 

cast  concrete  arch 

(sr) 

= 

steel  reinforced 

Bolt  spacings  are  given  in  meters  (m).  Shotcrete,  or  cast  concrete  arch  thickness 
is  given  in  centimeters  (cm). 
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He  goes  on  to  list  eight  simplifying  assumptions  necessary  to  permit  mathematical 
treatment  and  also  states  that  the  essential  factors  of  any  calculation  may  be  grouped  as 
follows: 

a.  Field  of  natural  stresses  in  the  rock  before  excavation. 

b.  Mechanical  and  other  properties  of  the  rock. 

c.  Construction  method  used. 

d.  Properties  of  the  support  structure. 

Since  this  is  a  review  of  classification  methods  rather  than  theoretical  design, 
Lombardi's  further  discussion  is  not  dealt  with  here.  The  purpose  of  introducing  this 
approach  is  simply  for  comparison  with  the  other  approaches  listed  above. 

4.5        COMPARISON  AND  EVALUATION 

Table  51  summarizes  the  factors  considered  to  be  of  significant  importance  by  the 
various  investigators  whose  work  has  been  described  in  this  section. 

It  is  interesting  to  compare  the  single  theoretical  approach  (Lombardi,  1974)  with 
the  empirical  approaches,  and  to  note  that  the  number  of  factors  in  common  are 
restricted  as  are  the  number  of  investigators  who  find  them  important. 

The  RQD' concept  has  been  included  in  the  description  of  classification  systems 
because  it  is  important  as  a  tool  for  later  investigation.  Cecil's  (1975)  work  has  been 
included  because  of  its  contribution  to  later  work  by  Barton,  et  al.  (1975)  rather  than 
because  it  offers  a  complete  approach  to  empirical  design.  There  is  close  agreement  as  to 
significant  factors  between  Terzaghi,  Jacobs,  and  Bieniawski,  and  only  slightly  less 
agreement  between  these  three  and  Ikeda.  The  apparent  lack  of  agreement  between 
Barton,  et  al.,  and  the  other  empirical  approaches  is  more  apparent  than  real,  since 
Barton,  et  al.  are  involved  in  a  much  more  minute  description  of  rock  conditions  which 
renders  some  of  the  omitted  factors  irrelevant. 

Barton,  et  al.  chose  to  multiply  three  ratios  rather  than  summing  weighted  values, 
which  might  have  been  less  cumbersome.  A  particular  awkwardness  arises  when  RQD  has 
to  be  assigned  an  arbitrary  minimum  value  of  10  to  avoid  zero  values  for  Q. 

4.5.1     Rock  Quality  Designation  (RQD) 

RQD  is  not  offered  as  an  overall  index,  but  in  order  to  compensate  for  its 
shortcomings,  it  is  necessary  to  recognize  that  it  disregards  the  influence  of  combinations 
of  unfavorable  joint  sets,  will  probably  miss  near  vertical  joint  sets,  and  does  not 
recognize  the  importance  of  joint  condition  or  that  of  the  nature  of  joint  filling  materials. 
It  was  devised,  in  part,  to  be  a  measure  of  permeability,  but  it  does  not  truly  recognize 
the  effect  of  water  inflow. 
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4.5.2  Excavation  Method 

Cecil  (1975)  discusses  the  effect  of  blasting  and  quotes  authoritative  sources,  but 
fails  to  take  the  results  into  account.  In  fact,  most  investigators  make  some  recognition 
of  the  effect  of  the  excavation  method,  but  none  make  more  than  a  token  effort  to 
account  for  it.  It  is  clear  that  unless  the  blasting  method  is  exactly  controlled,  weak 
rocks,  especially  those  with  water-filled  or  clay-filled  joints,  may  be  severely  affected  by 
the  blasting  method  whereas  massive  crystalline  rocks  may  show  no  significant  effects 
regardless  of  the  blasting  method. 

Significant  differences  in  rock  stability  will  also  accompany  variations  in  method 
such  as  full-face  excavation,  heading  and  bench  and  multiple  drift,  particularly  where 
there  is  the  possibility  of  providing  some  support  such  as  rock  bolts  in  headings  or  heading 
drifts. 

Wickham,  et  al.  (1974)  recognized  the  potential  for  reduced  disturbance 
accompanying  machine  tunneling,  but  their  evaluation  is  probably  too  conservative  and 
certainly  does  not  recognize  the  potential  enhancement  of  stability  when  tunnel  boring 
machines  are  used  in  weak,  weathered  and  altered  rock. 

4.5.3  Initial  Stress  Field 

Except  for  squeezing  and  swelling  rock,  taken  into  account  by  Terzaghi  (1946a)  and 
Barton,  et  al.  (1975),  only  Barton,  et  al.  take  the  initial  stress  field  into  consideration 
among  the  empirical  methods.  As  many  contractors  know,  due  to  its  impact  on  their  cost, 
the  initial  stress  field  can  impose  severe  problems  and  should  be  recognized  in  an 
effective  and  complete  system  of  classification  related  to  support  design. 

4.5.4  Availability  of  Information 

One  of  the  basic  problems  with  Terzaghi's  system  (1946a),  which  dominated  the 
field  for  so  long,  is  that  it  basically  requires  information  which  can  only  be  obtained  as 
excavation  progresses.  The  same  is  true  of  most  of  the  empirical  methods  described 
herein,  except  that  Bieniawski  (1974)  makes  a  strong  attempt  to  confine  the  parameters  to 
those  which  can  be  determined  in  advance  of  construction.  To  this  extent,  and  by  the  way 
in  which  they  are  derived,  most  empirical  approaches  recognize  the  contractor's  rather 
than  the  designer's  decisions. 

It  must  be  noted,  however,  that  in  the  case  of  deep  tunnels,  and  those  in  remote 
mountainous  areas  or  in  complex  geology,  it  is  impractical  to  expect  to  have  all  the 
necessary  information  available  at  the  time  designs  are  prepared  and  contracts  drawn  up. 
It  should,  nevertheless,  be  possible  to  define  the  range  of  conditions  anticipated  and 
provide  criteria  for  deciding  what  type  of  support  should  be  provided  in  each  area  as  in  the 
application  of  the  New  Austrian  Tunneling  Method. 

4.5.5  Human  Factors 

During  tunnel  construction,  many  basic  moment  to  moment  decisions  are  made  by 
the  excavation  foreman  who  alone  will  decide  (whether  correctly  or  not)  to  change  the 
charge  weight,  depth  of  round,  support  type  or  spacing  and  who  will  affect  rock  loads  by 


153 


his  rate  of  progress  (a  measure  of  efficiency).  In  these  circumstances,  it  might  appear 
that  the  best  result  of  predictive  classifications  will  be  to  describe  the  average 
anticipated  support  requirements. 

4.6        CONCLUSIONS 

The  various  investigators  who  have  produced  rock  classification  systems  as  a  basis 
for  empirical  design  of  supports  are  in  general  agreement  regarding  the  significant 
factors  affecting  rock  load.   These  are  as  follows: 

1.  Geological  origin 

2.  Rock  structure 

(a)  Weathering  or  alteration 

(b)  Joint  spacing  and  condition 

3.  Orientation  of  tunnels  with  respect  to  dip  and  strike 

4.  Water  inflow 

5.  Squeezing  or  swelling  rock 

Other  significant  factors,  addressed  by  some  without  effect  on  the  support  design 
proposed  are: 

1.  Construction  method 

2.  Rock  strength 

In  addition  to  the  foregoing,  RQD  has  been  regarded  as  an  important,  but  not 
exclusive,  index  property  since  its  introduction. 

Some  significant  factors  have  not  been  considered  in  preparing  indices.  These 
include: 

1.  Excavation  method 

2.  Job  control 

In  these  circumstances,  the  indices  reflect  experience  with  what  has  succeeded 
rather  than  project  the  minimum  necessary.  This  may  well  be  a  completely  valid 
objective,  and  not  susceptible  to  significant  improvement. 
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5.0  CORRELATIONS 

5.1  INTRODUCTION 

This  chapter  deals  with  correlations  between  the  site  exploration  procedures  that 
relate  to  the  characteristics  of  significance  in  design  and  construction  and  to  the  methods 
of  obtaining  relevant  parameters,  as  presented  in  Chapter  3. 

Table  52  shows  some  correlations  that  have  been  developed  in  various  field, 
laboratory  and  combined  studies  in  soil  and  rock.  Plots  of  the  functional  relationships  are 
presented  in  Appendix  D  of  this  report. 

5.2  DEVELOPMENT  OF  A  WORKABLE  CORRELATION 

The  following  factors  are  important  in  the  development  of  a  workable  correlation: 

•  Evaluation  of  significant  variables. 

•  Consistency  of  methods  and  procedures. 

When  utilizing  field  or  laboratory  tests  to  develop  correlations,  it  is  necessary  to 
evaluate  the  role  of  the  variables  associated  with  geologic  setting,  type  of  test,  test 
procedure  and  equipment,  and  methods  of  data  reduction.  If  two  or  more  tests  are  to  be 
correlated,  then  the  basic  variables  associated  with  each  test  should  be  evaluated. 
Evaluation  of  the  significant  variables  is  necessary  to  establish  a  base  of  knowledge  for 
developing  consistent  correlations. 

Correlations  should  be  developed  in  a  consistent  manner  by  using  techniques  or 
analytical  tools  which  are  the  same  or  functionally  comparable.  This  consistency  should 
allow  establishing  a  direct  relationship  between  the  actual  ground  behavior  during 
construction  and  the  individual  parameters  or  the  combined  effect  of  several  parameters. 
This  would  permit  the  significance  of  the  parameters,  and  its  role  in  attempting  to 
describe  behavior,  to  become  more  defined  as  knowledge  accumulates  through  the  use  of 
the  same  procedures,  equipment  and  analytical  tools. 

5.3  CLASSIFICATION  OF  CORRELATIONS 

In  order  to  assemble  the  vast  body  of  knowledge  available  on  parameter 
correlations,  a  simple  method  of  classifying  correlations  has  been  developed.  The  basic 
elements  of  the  classification  system  are  field  tests  and  laboratory  tests,  which  form  the 
basis  for  three  classes  of  correlations.  Class  I  parameters  are  determined  in  the 
laboratory  and  are  correlated  with  other  laboratory  determined  parameters.  Class  II 
parameters  are  determined  in  field  tests  and  are  correlated  with  other  parameters 
determined  in  field  tests.  Class  III  parameters  are  determined  in  field  tests  and  are 
correlated  with  other  parameters  determined  in  laboratory  tests. 
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TABLE  52.      SOME  SOIL  AND  ROCK  CORRELATIONS 


CLASS     1 

CLASS    II 

CLASS     III 

FIELD     VANE 

SuFV  "  f(<h:) 
l"rleld'-m'%Ur-v) 

[5U"\     =f(PI) 
\Suv]FV 

Sufv  -  f(Su)U(j 
iufv  ~f(OCR,Gvo) 

$>uFV  =  f(OCR,6vo) 

GEOPHYSICAL 

Ga(ult)-f(X) 
Ga(ult)=f(Hshore) 
6b(ult)=  f(Habrasion) 
6b(ult) = f(H schmfdfJ 
6b(ult)stit%absorption) 

6Mt)-f(TPomtLcad> 
H abrasion  ~  ^shore^ 

^Tangent 

(§>50%    =  ffX) 

Gulf 

6a(ult)  *  f(Ej) 

6a(ut)  =  f(Et  @50% 

Ga(ult) 
Ef  @50%=f(Hsnor& 
Ga(ult) 

Ef@  *f(Hscnmidt) 
50% 

Ef@-  f(%  absorption) 
50% 
X=f(Vp)ea*5000psi 

Ei=f(Vp) 

lOO>Ga>l50 
psi 

J*  f(n)R 

Crack/ -f(Vp) 

Vol.  of 

fractured   -f(Vp) 
rock 

Mean 

Core       -  f(Vp) 

Length 

n  =  f  (strength) 
S  =  f(J>) 

E--f(J>) 

^Field"f^LAB^ 

VP3D  '-  f(VPLAB> 

Vs3D  -  «VsLAB> 

^3D"f(ELAB^ 

DYNAMIC 

£3Dsf{£LA8J^ 
STATIC 

VS3D=f(VsLAB) 
3U         UMDsTATIC 

K3Dsf(KLAB> 

K3d=MlabJ 

DYNAMIC 

^3D^f(^LAB) 

UM  STATIC 

^3D'^LAB^ 

DYNAMIC 

E=f(Vp) 
G^f(Vp) 
E*f(Vs) 
G=f(Vs) 
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TABLE  52.  SOME  SOIL  AND  ROCK  CORRELATIONS 
(CONTINUED) 


CLASS      1 

CLASS    II 

CLASS     III 

PRESSURE 
METER 

EUSTDsf(CUVane) 

EuSB--f(CuVane) 

PL- P0'~  f(*u) 
Pf  ■  f(Pc) 
Dc=f(Ed) 

BOREHOLE 
SHEAR 

0BltS  =  f(0CLl) 
0BltSsf(0CD) 
cBltS-f(CCLl) 
cBltS  ^f(cCD^ 

BOREHOLE 
PERMEABILITY 

(Falling    Head 
Test) 

Kmas5'(KH Pumpi- 
ng) 

Kmass  =  f(KVLAB> 

STANDARD 

PENETRATION 

TEST 

N=f(qrc) 

N=f(e0) 

N-f(qrn) 

CONE 

PENETRATION 

TESTS 

<h*f(Es) 

<h'-f(Su)Fv 
<h=f(H) 

%  -(fs/%) 

%  s  f(Cc) 
<h=f(RD) 

fs  =  (Su)uv- 
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5A        SIGNIFICANCE  OF  CORRELATIONS 

In  an  attempt  to  determine  the  significance  of  correlations  with  respect  to  the 
determination  of  meaningful  parameters  for  use  in  underground  design  and/or  construction 
of  tunnels,  the  following  must  be  considered: 

•  The  combined  effect  of  variables  known  to  affect  the  development  of  a 
parameter  must  be  investigated  in  sufficient  detail  to  quantify  the  meaning 
of  the  developed  correlations. 

•  When  several  investigators  have  developed  correlations  among  the  same 
parameters,  these  correlations  can  be  meaningfully  compared  only  in  the 
absence  of  fundamental  differences  in  test  procedures  and  equipment, 
interpretation  theory  and  data  reduction  methods. 

The  major  consequences  of  these  considerations  are  the  following: 

•  Each  correlation  appears  to  be  unique. 

•  Correlations  should  not  be  used  unless  details  of  the  development  are  clearly 
defined  and  all  significant  variables  are  duplicated. 
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6.0   TRADE-OFFS  IN  THE  EVALUATION  OF  PARAMETERS 

6.1  SIGNIFICANCE  OF  PARAMETERS 

Important    considerations    with    respect    to    the    significance    of    parameters   of 
subsurface  materials  in  design  and  construction  are  listed  as  follows: 

•  The  level  of  significance  of  a  parameter  in  design  is  generally  different  from 
its  level  of  significance  in  construction. 

•  The  precision  and  accuracy  in  determining  one  parameter  is  not  the  same  for 
all  parameters. 

•  In  some  areas  of  design,  even  if  greatly  precise  and  accurate  parameters  are 
available,  procedures  do  not  permit  a  confident  translation  of  this  precision 
and  accuracy  into  cost  savings.  Natural  variations  in  ground  conditions,  and 
contracting  practices,  preclude  the  need  for  a  high  degree  of  accuracy. 

•  If  detailed  and  accurate  subsurface  information  is  made  available  to  the 
contractor  prior  to  construction,  greater  cost  savings  could  be  realized  in 
construction. 

6.2  TRADE-OFFS 

The  important  factors  that  are  considered  in  the  trade-offs  in  the  determination  of 
parameters  of  subsurface  materials  are  as  follows: 

•  The  specific  area  of  application  of  the  parameters,  namely  design  or 
construction. 

•  The  level  of  significance  of  the  information  required  in  the  design  or 
construction  process. 

•  The  level  of  technical  ability  to  define  the  mass  behavior  characteristic  in 
the  zone  of  influence  in  terms  of  the  assessed  parameters. 

•  The  economics  of  obtaining  the  representative  parameters. 

Tables  53  through  56  show  a  summary  of  the  trade-offs  in  design  and  construction. 
The  rating  system  designations  shown  in  the  aforementioned  tables  are  defined  as  follows: 

Technical  ability  to  define 
parameter 

Level  of  significance 

Economics  of  obtaining 
parameter 
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A  rating  of  1AI  would  mean  an  accurate,  most  economical  way  of  obtaining  a 
representative  parameter  of  high  significance.  A  rating  of  1CIII  would  mean  an  accurate, 
least  economical  way  of  obtaining  a  representative  parameter  of  low  significance. 

Mitchell  (1980)  has  also  made  an  evaluation  of  trade-offs  with  respect  to  in  situ 
tests.  In  Table  57,  some  presently  available  in  situ  tests  are  evaluated  in  several  ways,  as 
follows: 

1.  Simplicity  of  Apparatus 

C  -  complex,  either  in  instrumentation  or  data  acquisition 

D  -  delicate 

R  -  rugged 

S  -  simple  with  unsophisticated  readout  systems 

2.  Ease  of  Testing 

C  -       complex 
E  -       easy 

3.  Continuous  Profile  or  Point  Values 

C  -       continuous 
P  -       point  values 

4.  Basis  for  Interpretation 

D  -       direct  measurement  of  property 
E  -       empirical  correlations 
T  -       theoretical  analyses 

5.  Soils  for  Which  Best  Suited 

A  -  all  types 

HC-  hard  clays 

S  -  sands 

SC-  soft  clays 

6.  Suitability  in  Practice 

R  -       cost  effective  in  routine  practice 
SP  -       limited  to  special  projects  or  soil  conditions 

7.  Potential  for  Further  Development  and  Improvement 

G  -       great 
L  -       limited 
U  -       unsure 

In  Table  58,  Mitchell  (1980)  suggests  the  most  suitable  tests  for  evaluation  of 
specific  properties  of  different  soil  types,  based  on  the  current  state-of-the-art. 
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I.  PROFILE  IDENTIFICATION 

Standard  Penetration  Test 
Cone  Penetration  Test 
Piezometer  Probes 
Acoustical  Probes 
Geophysical  Probes 
Downhole  Nuclear  Probes 

II.  IN  SITU  STRESS  AND  STRESS 
HISTORY 

Gloetzl 
Piezometer 
Pressuremeter 
Screw  Plate 
Hydraulic  Fracturing 

III.  SHEAR  STRENGTH 

Vane  Shear 

Cone  Penetration  Test 

Pressuremeter 

Borehole  Shear 
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IV.  STRESS-DEFORMATION  PROPERTIES 

Pressuremeter 
Plate- Load  Tests 
Screw  Plate 

V.  DYNAMIC  PROPERTIES 

Downhole  and  Crosshole 
Cyclic  Torsion 
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6.3        CONCLUSIONS 

An  assessment  of  these  trade-offs  yields  the  following  conclusions: 

•  Quantitative  parameters  of  significance  in  tunneling  in  both  soil  and  rock 
cannot  be  adequately  assessed  at  the  present  time.  However,  qualitative 
parameters  of  soil  and  rock  behavior  can  be  defined  to  be  of  value  in  tunnel 
design  and  construction. 

•  Accurate  knowledge  of  significant  parameters  is  most  needed  in 
construction.  The  major  problem  in  defining  these  parameters  is  the 
unknown  variability  of  subsurface  conditions.  In  the  design  of  liner  systems, 
given  the  present  state-of-the-art,  parameters  can  be  adequately  assessed. 

•  The  field  boring  log  provides  the  best  estimate  of  subsurface  parameters. 
This  fact  emphasizes  the  need  for  providing  competent  experienced  field 
engineering  supervision  at  drilling  locations  and  for  developing  mandatory 
minimum  reporting  standards. 

•  The  number  of  significant  parameters  is  much  more  numerous  in 
construction  than  in  design. 

•  Rugged,  simple  test  apparatus,  ease  of  testing,  and  suitability  in  practice 
are  important  considerations  in  selecting  tests  to  define  parameters. 
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7.0   CONCLUSIONS  AND  RECOMMENDATIONS 

7.1        CONCLUSIONS 

This  study  presents  a  review  and  analysis  of  classification  systems,  correlations, 
and  in  situ  investigation  techniques  that  are  used  in  determining  soil  and  rock 
characteristics. 

7.1.1  In  Situ  Investigation  Techniques 

•  Available  in  situ  investigation  techniques,  when  correctly  used  and  the 
results  properly  interpreted  by  experienced  persons,  can  provide 
geotechnical  information  adequate  for  design  and  construction.  However, 
these  techniques  could  be  substantially  improved  and,  possibly,  better,  new 
techniques  could  be  developed. 

•  Inadequate,  incomplete  or  misleading  interpretation  of  subsurface  conditions 
presents  major  problems  affecting  construction. 

7.1.2  Classification  Systems 

•  Soil  classification  systems  with  specific  applications  in  tunneling  are  not 
available. 

•  Rock  clsssification  systems  are  available  which  might  prove  helpful  in 
underground  design  and  construction. 

•  The  effect  of  different  construction  procedures  and  their  effect  on  the  mass 
behavior  of  soil  and  rock  is  not  well  defined. 

•  Geologic  setting,  the  most  important  element  in  site  characterization, 
frequently  is  not  given  adequate  consideration. 

•  A  classification  and/or  description  system  applicable  to  transition  materials 
is  not  generally  available.  Transition  materials  are  considered  to  be  those 
portions  of  a  residual  soil  profile  which  are  gradational  between  the 
overlying  residual  soil  and  the  underlying  rock  from  which  the  soil  and 
transitional  materials  were  derived. 

7.1.3  Correlations 

•  Published  correlations  are  often  unique  and  should  not  be  used  in  practice 
unless  a  detailed  methodology  of  the  development  is  clearly  defined  and 
significant  elements  of  the  methodology  are  duplicated  by  the  user. 

•  Useful  correlations  generally  relate  to  ground  performance  during  tunneling 
or  liner  performance  and  not  to  detailed  soil  properties. 
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7.1.*    Trade-Offs 

•  Broad  guidelines  offered  by  experienced  persons  appear  to  be  the  most 
reasonable  way  of  assessing  geotechnical  site  conditions. 

•  The  field  boring  log  is  probably  the  single  most  critical  preconstruction  item 
which  contributes  directly  to  the  assessment  of  parameters  and  material 
behavior. 

•  There  is  an  optimum  method  or  combination  of  methods  to  obtain  all 
parameters  necessary  for  design  and  construction;  however,  the  present 
shortcomings  in  describing  and  quantifying  the  fundamentals  of  mass 
material  behavior  make  it  difficult  to  select  an  optimum  system. 

7.2  AREAS  OF  DEFICIENCY 

Several  areas  of  deficiency  have  been  found  during  the  course  of  this  study: 

1.  Lack  of  a  classification  and/or  description  system  for  transition  materials. 

2.  Apparent  non-standard  usage  of  field  testing  procedures,  equipment,  data 
reduction  techniques,  etc.,  including  inadequate  reporting  of  the  details  of 
testing. 

3.  Inability  to  map  the  subsurface  structure  adequately  for  construction 
purposes. 

4.  Inability  to  determine  significant  mechanical  and  hydraulic  parameters  of  in 
situ  materials  accurately  so  that  designers  can  consider  the  effects  of 
construction. 

7.3  RECOMMENDATIONS 

7.3.1     In  Situ  Investigation  Techniques 

•  In  field  work,  emphasis  should  be  placed  on  establishing  uniformity  in  the 
following  areas  when  conducting  a  test: 

1.  Reporting  details  of  test  procedures. 

2.  Reporting  details  of  test  equipment. 

3.  Reporting  data  and  data  reduction  and  analytical  techniques. 

•  Steps  should  be  taken  to  eliminate  the  many  deficiencies  in  standard 
exploration  techniques. 

•  The  following  special  provisions  for  borings  taken  in  connection  with  soft 
ground  tunnels  should  be  made: 
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1.  Continuous    sampling    should    extend    through    the    planned    tunnel 
opening,  including  thin  tube  sampling  for  detailed  study; 

2.  Soil  cores  should  be  obtained    when  standard  penetration  test  values 
become  fairly  high; 

3.  Careful  delineation  of  water  level  readings  should  be  made; 

k.         Boreholes  should  not  be  on  tunnel  centerline  (should  be  about   1J6 
diameters  off  of  centerline); 

5.  No  hollow  stem  auger  borings  should  be  taken  in  critical  locations; 

6.  Driven  casing  should  be  used  to  the  maximum  extent  possible;  and 

7.  Boreholes  should  be  filled  and  sealed. 

7.3.2  Classification  Systems 

A  study  of  classification  systems  should  be  conducted  with  the  sole  objective  of 
developing  an  engineering  classification  system  of  subsurface  materials.  This  would 
classify  materials  beginning  with  the  Unified  Soil  Classification  System  and  proceeding 
through  transition  materials  to  sound  rock.  Geologic  setting  and  structure  should  be 
fundamental  factors  in  this  system,  as  would  performance  during  construction.  The  end 
result  should  be  a  pertinent  description  of  the  various  identified  strata. 

7.3.3  Instrumentation 

In  future  tunnel  design  and  construction,  there  should  be  a  close  tie-in  between  well 
instrumented  field  projects,  testing  and  analytical  work.  In  the  past,  these  aspects  of 
tunneling  often  have  been  artificially  separated  and  not  adequately  coordinated  to  make 
field  instrumentation  results  meaningful. 
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A.   CLASSIFICATION  SYSTEMS 

In  this  section  are  presented  various  soil  and  rock  classification  systems 
which  might  prove  of  interest  to  one  involved  in  underground  design  and 
construction.  No  attempt  has  been  made  to  include  all  available  systems. 

The  classification  systems  presented  can  be  divided,  and  are  grouped 
as  follows: 

1)  Soil  classification  systems, 

2)  Rock  classification  systems,  and 

3)  Classification  systems  which  are  related  to  design. 

In  addition,  comparisons  between  certain  classification  systems  are 
also  presented  in  connection  with  the  above. 

Within  a  given  group,  each  classification  is  listed  alphabetically  by 
author. 

If  any  of  the  classification  systems  contained  herein  are  used  for 
purposes  of  design,  one  should  be  certain  that  he  has  sufficient  knowledge 
and  experience  to  use  the  information  wisely. 
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Ground 
Classification 


Tunnel  Working  Conditions 


1.  Hard 

2.  Firm 

3.  Slow  Ravelling 

4.  Fast  Ravelling 

5.  Squeezing 

6.  Swelling 

7.  Running 


8.  Cohesive 
Running 

9.  Very  Soft 
Squeezing 

10.  Flowing 


Tunnel  heading  may  be  advanced  without  roof 

support. 

Tunnel  heading  can  be  advanced  without  roof 

support,  and  the  permanent  support  can  be 

constructed  before  the  ground  will  start  to 

move. 

Chunks  or  flakes  of  material  begin  to  drop 

out  of  roof  or  the  sides  sometime  after  the 

ground  has  been  exposed. 

In  Fast  Ravelling  ground  the  process  starts 

within  a  few  minutes;  otherwise  it  is  referred 

to  as  Slow  Ravelling. 

Ground  slowly  advances  into  tunnel  without 

fracturing  and  without  perceptible  increase 

of  water  content  in  ground  surrounding  tunnel. 

(May  not  be  noticed  in  tunnel  but  causes  surface 

subsidence.) 

Like  squeezing  ground,  moves  slowly  into  tunnel, 

but  the  movement  is  associated  with  a  very 

considerable  volume  increase  in  the  ground 

surrounding  the  tunnel. 

The  removal  of  the  lateral  support  on  any 

surface  rising  at  an  angle  of  more  than  about 

34    to  the  horizontal  is  followed  by  a  "run", 

whereby  the  material  flows  like 

granulated  sugar  until  the  slope  angle  becomes 

equal  to  about  34  . 

If  the  "run"  is  preceded  by  a  brief  period  of 

ravelling,  the  ground  is  called  Cohesive  Running. 

Ground  advances  rapidly  into  tunnel  in  a  plastic 

flow. 

Flowing  ground  moves  like  a  viscous  liquid. 

It  can  invade  the  tunnel  not  only  through  the 

roof  and  the  sides  but  also  through  the  bottom. 

If  the  flow  is  not  stopped,  it  continues  until 

the  tunnel  is  completely  filled. 


Figure  A.  1- Soil  Classification  for  Tunneling  (Terzaghi,  1950) 


200 


I* 

41    fl 

2  • 
=  "3 

w   in 

8  « 

O    Q. 

E 


S<8 

o   . 

z  - 


£0 

«"  c 
>.  o 

o  >» 
4,  ao 
to  j2 

-2:2    b 


IS  "  «  S! 

CO     Q.   p     > 

<-  3  ♦*  2 

%  u  p  •- 

>  r  o.° 

«.£  ot-S 
■S3  fl* 

<S2«  3 


z~ 


"°  £ 
.£  - 

£?  CO  • 
■o  ^^ 

2  iA 

CO     L-      >* 

—   IB  -o 

io  C  in 
O  <8  c 
°  £    «3 


2  — 
"C  '3 

10  "O 

EJi 
o  c 

toD 

E  « 

.-    BO  "> 

S..S-2 

•r  "o  a 

S  b-2 

Q   coU 


3 

O 

l-. 

ffl 

H 

r: 

01 

(1 

> 
O 

3 

>< 

b 

o 

X) 
(8 

C 

0) 

4) 

JO 

,-1 

£ 

o 

(8 

*** 

41 

c 

e 

u 
o 

e 

3 

> 

c 

f3 

> 

18 

41 

u 

4) 

CO 

0)    tjj 

02  J3 

(8    O 

S  E 

5 

ON 


v 

V 
V 

C 


wo 

c 
o 


Above  groundwater  level 
dry 

Below  groundwater  level 

CU 

41 

> 

^ 

(J 

<0| 
k. 
Bl 

w 

4rf 

B0 

c 
c 

C 
10 

ft  q 

d 

CO 

o 

o 

A 

to 
O 

"co 

c 

=>  2 

"55  £ 
2> 

BO 

c 

'? 

_o 

3 

o> 

■    i/>   (j 

iZ. 

001/) 

a 

<8 
1/1 

E 

c^\ 

3 

to 

E 

o 

c 
to 

to 

4) 

>■ 

41 

tO 

CO 

4) 

>    B0 

o 

r  cu     «*rrO          i 

'  4) 

CO 

'J% 

C 
l4> 

41 

>    BO 

4>    C 

£    C 
O    3 

g   v 

J2    3 

CO 

O 

_o 

'o 

u 
4) 
T3 

c 
2 

>. 
■fS 

u 
4) 

C 

o 
o 

u 

■:;.£ 

41    C 
X    C 
O    3 

Oai 

A 

u                         3 

c 

re 

to 

5— ^r 

id    ^ 

c 

■a 

-5 

o 

c 

■?■ 

2 
>> 

J0 

"u 

4>_ 

4) 

jC 



U  Of. 

B0 

"to 

(8 
CO 

a. 

o 

"u 

JC 

(J                   «  ' 

BO 

>s  = 

5  3 

o.  > 
(0   re 

*1 

2 

u 

r          «■>! 

C 

2 

"D 
C 
(8 

CO 

on    .5 
u. 

.4,  .y 

CO         3 

c     cr 

41 

13       i. 

_r£ 

to 

c 

'5 

"3 

> 

(J  s 

1    in 

>> 
2 

B0 

23 

Q.  > 
18    rrj 

est* 

<8 

x: 

"5 

"3 

> 

>■ 

>s 

> 

u 

E 

ro 

k. 

y » 

2 

en  cs 

18 

—  K- 

u 

dense 

1 
1 
1 

t  (Bull's  Li 

5 

O 

**^ . 

4> 

E 

a, 

3 

_  o 

BO 

T3 
C 
CO 
CO 

■o 

C 

to" 

3 

to 

3 

3 
2 

BO 

C 

BO 
C 

>>'=; 

18 

>        (8 

*                         ^3 

c 

10 

"to 

><S 

O   ra 

35fli 

BC 

>. 

c 

_<8 

CO 

to 

BO 

c 

(8 
to 

*-> 

iO 
Im 

3 
C 

C 
10 

41 

1> 

O    to 

c7)  OS 

to 

™"                                         o- 

"c- 

tm 

c 

3 

o 

o 

•a 
c 

4> 

CO 

4) 
CO 

£ 

V 

to 

C 

E 

f0 

CO 

,-c 

41 

b* 

E 

t/> 

CO 

4) 

'x 

"^  "O 

£ 

tw 

O 

o 

E 

J 

a. 

a. 

< 

u 


c 
3 
•o 

c 

18 

c 
o 


S3 
H 


B0 
IB 
N 

k. 
V 

H 

c 

41 
4) 

■* 

«-» 
41 
CQ 


=2 

4) 


fM 
< 

41 


201 


Unified  Soil  Classification 

Tunnelman's 

Typical  Names 

(2) 
Ground  Classification 

00 
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•-* 

u 
J75 

C3 

CO 

CO 

O 
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2 

Gravel  and  Coarser 

^^>J 

^ 

Sand 

IP 

%^ 

Silt 

% 

m 

W%  7- 

Clay 

i 

^ 

^ 

'-c// 

W 

w 

^ 

Gravel  with  Clay  Binder 

fy 

fcj 

^ 

^ 

V// 

Gravel  with  Silt  Binder 

m 

^ 

'///, 

Sand  with  Clay  Binder 

d 

V, 

^ 

%J 

„   %' 

Sand  with  Silt  Binder 

m 

% 

/// 

Cemented  Sand  and  Gravel 

2 

V/s 

'//, 

Highly  Organic  Soils 

A 

-  Moist,  above  water  table 

NOTES: 

B 

-  Loess 

(1)  The  typical  soil  names  refer  to 

C 

-  Stiff  to  very  hard 

the  dominant  soil  type  with 

D 

-  Stiff  to  hard 

regard  to  their  behaviour  in  a 

E 

-   Soft  to  medium 

tunnel. 

F 

-  Very  soft 

(2)  The  shaded  squares  indicate 

the  soil  types  that  usually 

cause  the  ground  conditions 

described  by  the  tunnelman's 

terms. 

Figure  A. 3- Relation  Between  Terzaghi's  and  Abbreviated 

Unified  Soil  Classification  Systems  (Brandt,  1970) 
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Intact  Rock  Properties 
Strength/Stress  Level 
Volumetric    Stability 


Shear   Strength/Stress    Level 

Deformabllity 
Volumetric    Stability 


Spacing,  Directions   & 
Character  of 
Discontinuities 


Strength   of 
Rock    Mass 


Strength    and 
Coherence  of 
Rock  Mass 


Volumetric 
Stability 

Groundwater   Level 


Shear   Strength/Stress  Level 
Clay  Centers 
Groundwater  Level 


r°C'«"e   Spacing,^' 


0\0 


Clay  and  Silt 
Content,  Cementation 
Density     (  Friction  Angle 
and    Dllenancy) 
Groundwater  Level 


Major     Controlling    Factors 


FIGURE  A.4  -   UNIFIED  CLASSIFICATION  OF   GEOLOGIC    MATERIALS 
(DEERE,  ET  AL,  1969a) 
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Ure  Spodng,  mm,  D»o 


FIGURE  A.5-RELATI0N   BETWEEN    CLASSIFICATION     SYSTEMS 

BY  DEERE,  ET  AL.,AND  TERZAGHI  (DEERE,  ET  AL,  1969a) 
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GROUP  |  TYPICAL    DISCONTINUITIES!    TYPICAL  SCALE 


Rock    Type 
Defects 


Microfissures 


Bedding    Plane    Partings 
Foliation    Partings 


0.2* 


2' 


Detailed 

Discontinuity 

Pattern 


Joints 

Minor    Shears 

Minor    Seams 


Shears 
Seams 


20* 


200' 


Gross 

Discontinuity 

Pattern 


Major    Shears    or 
Crushing    Zones 


Regional    Fault  Zones 


2000' 


20,000' 


Induced 
Fractures 


Buckling    or    Spoiling 
Fractures 


0.2-20  ' 


FIGURE   A.6  -    A     ROCK   CLASSIFICATION    SYSTEM 
(BREKKE     AND     HOWARD,  1973) 
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1.  Uniaxial  compression  strength  of  the  rock  substance 

a.  Weak  (less  than  5,000  psi) 

b.  Strong  (between  5,000  psi  and  25,000  psi) 

c.  Very  Strong  (greater  than  25,000  psi) 

2.  Pre-f ailure  deformation  of  rock  substance 

a.  Elastic 

b.  Viscous  (at  stress  of  50%  of  uniaxial  compressive  strength 
the  strain  rate  is  greater  than  2  microstrain  per  hour) 

3.  Failure  characteristics  of  the  rock  substance 

a.  Brittle 

b.  Plastic  (more  than  25%  of  the  total  strain  before  failure  is 
permanent) 

4.  Gross  homogeneity 

a.  Massive 

b.  Layered  (i.e.,  generally  including  sedimentary  and  schistose, 

as  well  as  any  other,  layering  effects  which  would  produce  parallel 
lines  of  weakness) 

5.  Continuity  of  the  rock  substance  in  the  formation 

a.  Solid  (joint  spacing  greater  than  6  ft.) 

b.  Blocky  (joint  spacing  between  3  in.  and  6  ft.) 

c.  Broken  (in  fragments  that  would  pass  through  a  3-in.  sieve) 


Figure  A.7  -A  Rock  Classification  System  (Coates,  196*) 
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1.  Linear  Elastic  Body.  A  body  having  a  straight  line,  reversible  stress- 
strain  curve. 

2.  Curvilinear  Elastic  Body.  A  body  having  a  curved,  reversible  stress- 
strain  curve. 

3.  Bilinear  Elastic  Body.  A  body  having  a  reversible  stress-strain  curve 
consisting  of  two  straight  lines. 

4.  Elasto-Plastic  Body.  A  body  having  a  stress-strain  curve  composed 
of  sloping  straight  line  connected  with  a  horizontal  line  indicating 
plastic  deformation. 

5.  Plasto-Elastic  Body.  A  body  having  a  stress-strain  curve  composed 
of  an  initial  horizontal  line  connected  to  a  sloping  straight  line. 

6.  Visco-Elastic  Body.  A  body  whose  deformation  varies  with  both  stress 
level  and  duration,  and  is  fully  recoverable. 

7.  Visco-Plastic  Body.  A  body  whose  deformation  varies  with  both 
stress  level  duration,  and  is  not  fully  recoverable. 

8.  Locking  Medium.  A  mass  having  stress-strain  curve  composed  of 
an  initial,  horizontal  straight  line  connected  to  a  vertical  straight 
line.  This  system  is  useful  for  advanced  stress  distribution  studies. 
However,  the  concepts  involved  in  this  classification  system  are  well 
advanced  of  any  simple  testing  techniques  that  could  be  used  to  supply 
the  empirical  information  required. 


Figure  A.  8  -  A  Rock  Classification  System  (Coates,  1965) 
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Bedding  Spacing  Joints 


Very  thin 

<2" 

<5  cm 

Very  close 

Thin 

2"-V 

5-30  cm 

Close 

Medium 

l'-3' 

30  cm-1  m 

Moderately  close 

Thick 

3'- 10' 

1  m-3m 

Wide 

Very  thick 

>10» 

>3  m 

Very  wide 

(a)  Descriptive  classification  of  discontinuity  spacing  (Deere,   1964) 


ROD  -    z^oun<^  pieces  greater  than  4"  long       ,Qn 
length  of  core  run 

RQD  Description 

100-90  Excellent 

90-75  Good 

75-50  Fair 

50-25  Poor 

25-0  Very  Poor 

(b)  Rock  quality  designation  (Deere, et  aL,   1967) 


Figure  A.9  -  Rock  Classification  Systems  (Deere,  1964  and  Deere,  et  al.,  1967) 
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2)  Classify  rock  as    B,  BH,  BL,  etc. 
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FIGURE  A.  10-  ENGINEERING    CLASSIFICATION    FOR    INTACT    ROCK. 

AVERAGE    VALUES    FOR    13  ROCK    TYPES    (28  Locations) 
(DEERE    AND    MILLER,  1966) 
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Note: 
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1)  Et  -  tangent    modulus    at  50%  ultimate    strength 

2)  Classify  rock   as    8,  BH,BL,  etc. 
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FIGURE    A. II  -IGNEOUS    ROCK   CLASSIFICATION   (Deere    and    Miller,   1966) 
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Note: 


1)  Et  =   tangent    modulus    at  50%  ultimate    strength 

2)  Classify    rock    as    B.BH.BL,  etc. 
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FIGURE    A. 12-  METAMORPHIC     ROCK    CLASSIFICATION 
(OEEREANOMILLER,  1966) 


211 


Note 


1)  Et  *  tangent  modulus    at  50%    ultimate    strength 

2)  Classify    rock  as    B,  8H,  BL,  etc. 
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FIGURE  A.I3-    SEDIMENTARY     ROCK     CLASSIFICATION 
( DEERE  AND  MILLER,  1966  ) 
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Class  A:      Stable  rock  ~  corresponds  to  intact  rock  as  identified  by  Terzaghi. 

Class  B:      Rock  unstable  after  a  long  time  —  corresponds  to  massive  moderately 
jointed  rock  and  to  stratified  or  schistose  rock. 

Class  C:     Unstable  rock  after  a  short  time  —  corresponds  to  moderately 
blocky  and  seamy  rock. 

Class  D:  Broken  rock  —  corresponds  to  very  blocky  and  seamy  rock. 

Class  E:  Very  broken  rock  —  corresponds  to  completely  crushed  rock. 

Class  F:  Squeezing  rock. 

Class  G:  Heavy  squeezing  rock. 


Figure  A.  14-A  Rock  Classification  System  (Lauffer,  1958) 


RQD  Velocity  index  Description 
(percent) 

0-25  0-0.20  Very  Poor 

25-50  0.20-0.40  Poor 

50-75  0.40-0.60  Fair 

75-90  0.60-0.80  Good 

90-100  0.80-1.0  Excellent 


Figure  A.  15 -A  Rock  Classification  System   (Merritt,   1968) 
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"Intact  rock  contains  neither  joints  nor  hair  cracks.  Hence  if  it  breaks 
it  breaks  across  sound  rock.  On  account  of  the  injury  to  the  rock  due  to 
blasting,  spalls  may  drop  off  the  roof  several  hours  or  days  after  blasting. 
This  is  known  as  spalling  condition.  Hard,  intact  rocks  may  also  be 
encountered  in  the  popping  condition  involving  the  spontaneous  and  violent 
detachment  of  rock  slabs  from  sides  or  roof. 

"Stratified  rock  consists  of  individual  strata  with  little  or  no  resistance 
against  separation  along  the  boundaries  between  strata.  The  strata  may  or 
may  not  be  weakened  by  transverse  joints.  In  such  rock,  the  spalling 
condition  is  quite  common. 

"Moderately  jointed  rock  contains  joints  and  hair  cracks  but  the  blocks 
between  joints  are  locally  grown  together  or  so  intimately  interlocked  that 
vertical  walls  do  not  require  lateral  support.  In  rocks  of  this  type  both  the 
spalling  and  the  popping  condition  may  be  encountered. 

"Blocky  and  seamy  rock  consists  of  chemically  intact  or  almost  intact 
rock  fragments  which  are  entirely  separated  from  each  other  and  imperfect- 
ly interlocked.  In  such  rock  vertical  walls  may  require  support. 

"Crushed  but  chemically  intact  rock  has  the  character  of  a  crusher 
run.  If  most  or  all  of  the  fragments  are  as  small  as  fine  sand  grains  and  no 
recementation  has  taken  place,  crushed  rock  below  the  water  table  exhibits 
the  properties  of  a  water-bearing  sand. 

"Squeezing  rock  slowly  advances  into  the  tunnel  without  perceptible 
volume  increase.  Prerequisite  for  squeeze  is  a  high  percentage  of  micro- 
scopic and  sub-microscopic  particles  of  micaceous  minerals  or  of  clay 
minerals  with  a  low  swelling  capacity. 

"Swelling  rock  advances  into  the  tunnel  chiefly  on  account  of 
expansion.  The  capacity  to  swell  seems  to  be  limited  to  those  rocks  which 
contain  clay  minerals  such  as  montmorillonite,  with  a  high  swelling 
capacity." 


Figure  A.  16-  A  Rock  Classification  System  (Terzaghi,  1946a) 
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FIGURE    A. 19 -CLASSIFICATION     AND    DESIGN 
(COON,  1968) 
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10     I  hr.      10  I  day  7    I  mo  3   I  yr 
Standup     Time 


100 


Reinforcements  for   Rock    Classes 

No    reinforcement    required. 

2-3  cm.   shotcrete;   or  rock   bolts    on    1.5-2  m.  spacing   with    wire 
net,  occasionally   reinforcement   needed    only  in    arch. 

3-5  cm.  shotcrete j  or  rock    bolts   on   1-1.5  m.  spacing    with    wire 
net,   occasionally   reinforcement    needed    only   in    arch. 

5-7  cm.  shotcrete    with    wire    net  ;   or  rock   bolts    on    0.7-  I  m. 
spacing    with    wire    net    and     3  cm.    shotcrete. 

7-15   cm.  shotcrete    with    wire    net,    rock   bolts    on    0.5-1.2  m. 
spacing    with    3-5  cm.    shotcrete    sometimes    suitable  ±    or    steel 

arches    with    lagging. 

15-20  cm.  shotcrete    with   wire   net    and    steel    arches  j   or   strutted 
steel  arches   with    lagging    and   subsequent   shotcrete. 

Shotcrete   and  strutted    steel    arches    with    lagging. 


FIGURE    A.20-CLASSIFICATION      AND     DESIGN 
(LINER    AND    LAUFFER,  1970) 
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TUNNEL   WIDTH  -  FT 


PECK,  etol.(3)  -  LIMITED  TO  15-25  FT.  TUNNELS 


NONE  TO  OCCASSIONAL  BOLTING 

NONE  TO  OCCASSIONAL  RIBS,  5-6  FT.  CENTERS 


^ 


^ 


PATTERN  BOLTING  5-6  FT.  CENTERS 
LIGHT    SETS  5-6  FT.  CENTERS 


PATTERN  BOLTING  3-5  FT.  CENTERS 
LIGHT    TO  MEDIUM   SETS    4- 5  FT.  CENTERS 


Ejgg3  MEDIUM   TO   HEAVY    CIRCULAR     SETS   2-3    FT.  CENTERS, 
^^  MAY    BE  IMPOSSIBLE    TO   DEVELOP    MECHANICAL 
""^  OR    GROUTED   ROCK   BOLT    ANCHORAGE 


FIGURE    A.2I  -  CLASSIFICATION    AND    DESIGN    (MERRITT,  1972) 
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Less  affected 
by  strata  chemistry 
than  neutron/neutron 
or  neutron/gamma  logs, 
logging  rate  limited  by 
sensor  response 
time  constant, 
corrections  usually 
required  for  bore- 
hole condition. 

Logging  type 
selected  by 
detector  choice, 
essentially  all 
neutron  logs 
available  from 
the  basic  tool 
with  appropriate 
detector,  bore- 
hole influence 
less  for  this  method 
than  for  the 
others,  logging 
rates  dependent 
upon  sensor  time 
constants  (rates 
not  well  established 
at  present  stage 
of  development). 
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-  1.0  ft.              Any.             20 

depth                                    ft./min. 

porosity 

(void 

ratio) 

-5% 

-  1.0  ft.              Any.           See 
depth,                                 notes. 
-5% 

degree  of 
mineral- 
ization 

-  5%  poro- 
sity 
(void 
ratio). 

2    " 

a.  5 

Epithermal 
neutron  flux 
Intensity, 
depth  from 
cable 
length  and 
tool  meas- 
urement. 

Gamma  ray 
or  neutron 
flux 

intensity, 
decay  rates, 
depth  from 
cable  length 
and  tool 
measure- 
ments. 

C 

o 

m 
_o 

"a. 
a. 
< 

Continuous  subsurface 
profile  of  strata 
response/effect  on 
neutron  flux,  infer- 
ring water  content 
porosity,  stratigraphy, 
stratigraphic 
changes,  percent 
saturation. 

Continuous  subsurface 
profile  of  strata 
response/effect  on 
neutron  flux,  infer- 
ring water  content 
and  degree  of 
mineralization 
(salinity  in  parti- 
cular), porosity 
stratigraphy, 
stratigraphic 
changes,  percent 
saturation. 
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41 

a 
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as 

Borehole  traversed  by 
tool  with  steadily 
emitting  neutron 
source  and  epither- 
mal neutron  detector 
(epithermal  neutrons 
1.0  to  10,000  elec- 
tron volts),  response/ 
effect  of  strata  on 
neutron  flux  contin- 
uously recorded, 
primary  response  to 
hydrogen  content  of 
strata. 

Borehole  traversed  by 
tool  with  controlled 
neutron  generator  and 
either  neutron  or 
gamma  ray  detector 
logs  as  described 
above  may  be  ob- 
tained, or  "life- 
time" logs  recorded 
by  measuring  flux 
decay  rates  after 
a  pulse,  unique  use 
in  identification 
of  water  mineral- 
ization. 
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Provides  corrections 
needed  for  other 
logs  if  temperature 
variations  are 
extreme  or  absolute 
temperatures 
highO  150°). 

Most  uncased 
flushing  with 
clear  water  to 
use  photography 
or  television  tools 
in  saturated  zones, 
or  mud  conditioning 
for  ultrasonic 
tools. 
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-  I.0°C              Any.          MOO 
absolute                              ft./min. 

-o.rc 

relative 
-*  1  ft. 
depth. 

-  1/32                 Any,          -100 

in  object           dry  or        ft./min. 

resolution,        clear 

otherwise          fluids 

direct                most 

location            commoa 

at  image 

elevation 

(-*  1  ft. 

depthl 

L. 
4>T> 

I? 

2  « 
<3  « 

0-2 

Change  of 
resistance 
with  temp- 
erature, 
depth  of 
change 
(cable 
length). 

Change  in 
visual 

appearance, 
or  change 
in  acoustic 
reflectance 
depths  from 
cable  length. 

in 

e 

(0 

1 

< 

Location  of  water 
table,  inflow- 
outflow  zones, 
casing  anomalies, 
grouting  levels 
outside  casings 

Semi-continuous 
or  continuous 
"picture"  of  bore 
hole  wall  conditions 
to- identify  strati- 
graphy, stratigraphic 
dianges,  and  physical 
appearance  to  infer 
stability,  fractures 
shear  zones,  gross 
grain  size  distribu- 
tion, permeable  zones, 
etc. 
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Borehole  traversed  by 
thermister  or  other 
temperature  sensor, 
absolute  or  relative 
temperature  recorded, 
temperature  gradient 
measurement  common. 
Based  upon  change  of 
resistance  as  a  func- 
tion of  temperature 
for  sensor  materials. 

Borehole  traversed  by 
camera  or  ultrasonic 
transmitting/receiver, 
tool,  direct  photo- 
graphs or  high  resolu- 
tion images  from 
reflected  acoustic 
waves  obtained  from 
logging  run. 
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Typically  recorded 
with  most  nuclear 
logs  as  a  fringe 
benefit,  advanced 
analysis  of  spectro- 
metric peaks 
adds  radiogenic 
element  proportions, 
makes  significant 
contribution  to 
estimates  of  clay 
fraction  in  strata, 
logging  rates 
determined  by 
sensor  response 
time  constant. 

Mudcake,  borehole 
roughness,  chemical 
composition,  tool 
size/borehole 
dimension  corrections 
required.   Improved 
accuracy  if  eccentered 
compensated 
tool  is  developed. 
May  also  be  used 
in  "spectrometric" 
mode  of  operation 
(energies  less 
than  200,000 
electron  volts) 
to  identify  elements 
or  relative  amount 
of  elements  in 
the  strata. 

Measurement    Borehole    Logging 
Accuracy           Condition  Rates 

-1.0ft.           Any.             -20 
depth                                 ft./min. 

-2-3%             Any.            Max.   . 
density                             recom- 
typical                              mended 
for 
most 
surveys; 
20  ft./ 
min. 

(depends 
upon 
sensor 
response 
time). 

Parameter 
Measured 

.Gamma  radia- 
tion flux 
intensity, 
depth  from 
cable  length 
and  tool 
measure- 
ments. 

plux  rate  of 
gamma  rays 
from  strata, 
depth  from 
cable  length 
and  tool 
dimensions. 

Applications 

Continuous  subsurface 
profile  of  natural 
gamma  radiation 
intensity,  inferring 
stratigraphy  (parti- 
cularly clays), 
stratigraphic  changes, 
and  permeable  zones 
(tracers). 

Continuous  tog  of 
gamma  ray  response/ 
effect  with  depth 
inferring  strati- 
graphy, strati- 
graphic changes, 
porosity  (with 
other  logs),  and 
bulk  density  of 
materials  pene- 
trated by  bore- 
hole. 
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Borehole  traversed  by 
Scintillometer  or 
Geiger  Counter, 
recording  natural 
gamma  radiation  from 
strata,  may  also  be 
used  for  radioactive 
tracer  detection. 

Borehole  traversed  by 
tool  including  radio- 
active isotope  source 
of  gamma  rays  and 
gamma  ray  detector 
(Scintillometer  or 
Geiger  Counter) 
response/effect  of 
strata  on  gamma  rays 
recorded  continu- 
ously. Primary 
response/effect 
related  to  electron 
density  of  strata 
(electron  density  is 
directly  related  to 
bulk  density). 
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Comments 

Eccentered  tool 
for  dry  boreholes 
under  evaluation, 
hole-to-hole  surveys 
(~50  ft.  separation) 
experimental.   High 
Void  Ratio  materials 
(VR>0.3)  limit 
usefulness  in  soft 
ground. 

Has  relatively 
wide  use  in  engineer- 
ing community; 
analytical  difficulties 
in  identification 
of  direct  shear 
wave  because 
of  interference 
by  direct  or  converted 
compressional 
waves,  and  in 
identifying  actual 
wave  paths. 
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-0.1  mllll-        Fluid-        30-100 
seconds,  ~1         filled          ft./min. 
ft.  depth.           cased/ 

uncased . 

-  1  milli-           Fluid-      *  1000 
second.              filled/        ft./day. 

dry, 

cased/ 

uncased 

common. 

1m 

is 

2    * 

<5  « 

c  5 

Transit  time 
of  elastic 
wave,  rela- 
tive wave 
amplitudes, 
depth  from 
cable  length 
and  tool 
measurement. 

Transit  time 
of  elastic 
waves,  depth 
from  cable 
length. 

Applications 

Continuous  subsurface 
seismic  wave  velocity 
profile,  velocity  con- 
trast locations,  infer- 
red engineering  para- 
meters from  wave 
velocities,  fracture 
zone  identification 
and  location. 

Semi-continuous  sub- 
surface velocity 
profile,  inferred 
engineering  para- 
meters from  seismic 
wave  velocities. 
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ft, 

a 

J, 

Pulsed  transmitter  in 
borehole  tool  emits 
sound  waves  that 
propagate  through 
borehole  fluids  and 
sidewall  strata, 
transmitted  wave 
arrivals  detected  by 
transducer  on  tool, 
transit  times  of 
elastic  waves  inter- 
preted from  contin- 
uous log  of  borehole 
response. 

Seismic  waves  initi- 
ated by  impulsive 
source  (explosives 
common),  transit  times 
to  surface  detectors 
(uphole  survey)  or 
detectors  in  other 
boreholes  (crosshole 
velocity  surveys)  ana- 
lyzed to  obtain  com- 
pressional and  shear 
wave  velocities. 
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As  above,  but 
borehole  and 
near-borehole 
influences  are 
reduced,  resolution 
for  thin  beds 
a  function  of 
the  width  of  the 
current  "disc'J 

As  above,  noting 
that  very  shallow 
penetration  into 
sidewall  (~l  inch) 
is  typical,  used 
primarily  to  detail 
bedding  or  for 
strata  dip  measure- 
ments across 
borehole. 
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on  a  relative 
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Potential 
voltage  at 
sensor  elec- 
trodes, depth 
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voltage  at 
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measurement 

in 

C 

_o 

Q. 

< 

Continuous  subsurface 
profile  of  electrical 
potential  in  borehole 
inferring  stratigraphy, 
stratigraphic  changes, 
porosity,  permeability, 
fluid  conductivity, 
bulk  density. 

Continuous  subsurface 
prbf  ile  of  electrical 
potential  inferring, 
on  a  very  small  scale, 

the  stratigraphy, 
stratigraphic  changes, 
etc. 
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Similar  to  normal 
resistivity  above, 
except  additional 
"bucking"  elec- 
trodes are  used  to 
force  the  current 
flow  into  a  thin  disc 
around  the  tool, 
and  electrode  spac- 
ing is  fixed  for 
each  particular 
tool. 

Same  as  above, 
except  electrodes 
are  held  against 
borehole  wall, 
electrode  spacings 
1  inch  -. 
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Experimental:  has  been 
used  for  some  surveys, 
results  not  widely  reported, 
theoretical  basis  published. 
Probably  lacks  resolution 
for  soft  ground  details. 
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Interference  from  different 
soil  colors,  density,  micro- 
topography,  vegetation, 
etc.,  may  be  greater  than 
anomaly  sought  by  survey. 
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METHOD 

Coefficient  of  Permeability 
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NOTES 

-U       -3         -2       -1 
10  *    10  J     10  L   10  J 

2 

Grain  Size,  D,Q 

-kav. 

Range  of  >40  envelopes 

Laboratory,  K 

- 

Falling  head  on  T.O.  samples 

Falling  head  borehole  tests,  K 

Range  of  >  50  tests  in  BH's 

Full  scale  pumping  test(s),  K. 

r~  ay. 
■■  lower 
sards 

layered 
silts 

Constant  pumping  20  IGPM/ 
24  hrs. 

8  inch  screened  well  in 
30  inch  diam.  packed  hole. 
WL's  stabilized.  24  hrs. 
Recovery  PLUS  repeat 
pumping  for  12  hrs.  at  25 
IGPM. 

(a)  Excavation  (Toronto) 


METHOD 

Coefficient  of  Permeability 
cm/sec. 

NOTES 

10"*   10"3     10"2   1C 

f1 

Pressure  packer  tests 
(Single/double  packers, 

h      overburden  pressure),  K 

-L 

-k 
av, 

Pumping  test,  K. 

-f 

av. 

12  in.  diam.  open  hole 
penetrating  20  ft.  below 
upper  rock  surface. 
Pumping  rate  120-180 
USGPM/     100  hrs. 

Observations  during 
construction  dewatering 

1 

(b)  Excavation  (Southern  Ontario) 


Figure  D.3  -  Comparison  of  Estimated  Permeabilities  from  Excavations 
(Milligan,  1975) 
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WAVE    VELOCITY   COMPUTED   FROM  STATIC  AND  DYNAMIC 
MEASUREMENTS    FOR   ROCK   UNDER   UNIAXIAL    COMPRESSIVE 
STRESS    OF  I00-I50psi   (Deere  and  Miller,  1966) 
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FIGURE    D.  42- ROCK   MOOULUS  CHART  BASED  ON    DILATIONAL    WAVE 
VELOCITY  (  DEERE  AND  MILLER,   1966  ) 
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ROCK  TYPE 

DEGREE  OF  WEATHERING 

STRENGTH       PARAMETERS 

REMARKS 

SOURCE 

METAMORPHIC 
ROCKS 

kgm/cm 

4   ♦'♦,.** 
>    t   * 

degrees 

Gneiss  (micaceous 

muram  (zone  IB) 
decomposed  rock 

c  =  0.6 
c  =  0.3 

♦  =23° 

♦  =37° 

direct  shear  tests 

Gruner  and 
Gruner  (1953) 

Gneiss 

decomposed  (zone  IC) 

♦  =  18.5° 

consol.  undrained 
tests 

St.  John  et 
al.  (1969) 

Gneiss 

decomposed  (fault  zone) 
much  decomposed 
medium  decomposed 
unweathered 

c=  1.5 
c  =  4.0 
c  =  8.5 
c  =  12.5 

♦  =27° 

♦  =29° 

♦  =35° 

♦  =60 

direct  shear  tests 
on  concrete  -  rock 
surfaces 

Evdokimov  and 
Chiriaev(1966) 

Schist 

weathered  (mica-schist  soil) 
partly  weathered  (mica-schists 

and  phyllites)  (highly 

fractured) 

c  =  0.7 

♦  =  24*° 

♦  =  35° 

both  from  analysis 
of  slides 
perpendicular  to 
schistosity 

De  Fries 

and  Stolk  (1971) 

Schist 

weathered  -  intermediate 
(zone  IC) 

c'  =  0.5 
c"  =  0.7 

♦  =  15°        ♦;=  15° 

♦  =  18°        ♦'=  21° 

50%  saturated       Consol. 
100%  saturated       Undrained 
tests 

Sowers  (1963) 

Schist 

weathered 

♦  =  26°  -  30° 

compacted  rock  fill 
field  direct  shear 
tests 

Wilson  and 
Marano  (1968) 

Phyllite 

residual  soil  (zone  IC) 

c  =  0 
c  =  0 

♦  =24° 

♦  =18° 

perpendicular  to 
schistosity 

parallel  to  schistosity 
(both  from  analysis 
of  slides) 

De  Fries 

and  Stolk  (1971) 

IGNEOUS  ROCKS 

Granite 

decomposed  granite 

c  =  0 

♦  =  27°  -  31° 

♦  average  =  29 

500  tests 

Cherry  Valley  Dam 

Roberts  (1970) 

Granite 

quality  index,  i 
15 
10 
7 
5 
3 

c 
1 
2 
3 
5 
6-  13 

49°-52° 

57° 
62°-63° 

In-situ  direct  shear 

tests 
Alto  RaDagao 

Rocha  (1964) 

Seraf  im  and 
Lopez  (1961) 

Granite 

weathered  (zone  UB),      i/7+ 
partly  weathered 

(zone  UB)                      3+ 
relatively  sound 

(zone  III)                        1-2 

*r  =  26°-33° 
*r  =  27°-31° 

*r  =  29°-32° 

lab  direct  shear 

tests 
Alto  Lindoso 

L.N.E.C.  (1965) 

Granite 

red  earth  (zone  IB) 
decomposed  granite  (zone  IC) 

♦•    =28°         fl 
♦ '  average  =  35 

Lumb(1965) 

Granite 

decomposed  (fine  grained) 
decomposed  (coarse  grained) 
decomposed,  remolded 

c  =o  if 
saturated 

♦  =  25)4-34° 

♦  =36  -38° 

♦  =22  -40° 

Lumb(1962) 

Quartz  diorite 

sandy,  silt  decomposed 
rock 

c  =  0.l 

♦  =  30°+ 

lab  tests,  undis- 
turbed samples 

Li  and  Mejia 
(1967) 

Oiorite 

weathered 

c  =  0.3 

♦=22° 

consol.  undrained 
tests 

St.  John  et  al. 
(1969) 

Rhyolite 

decomposed 

♦'=30° 

Lumb(1965) 

FIGURE  D.44-SHEAR  STRENGTH  PARAMETERS  OF  RESIDUAL  SOIL,  WEATHERED  ROCKS,  AND  RELATED 
MINERALS  (Deere  and  Pat  ton,  1971) 
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FEDERALLY  COORDINATED  PROGRAM  (FCP)  OF  HIGHWAY 
RESEARCH  AND  DEVELOPMENT 


The  Offices  of  Research  and  Development  (R&D)  of 
the  Federal  Highway  Administration  (FHWA)  are 
responsible  for  a  broad  program  of  staff  and  contract 
research  and  development  and  a  Federal-aid 
program,  conducted  by  or  through  the  State  highway 
transportation  agencies,  that  includes  the  Highway 
Planning  and  Research  (HP&R)  program  and  the 
National  Cooperative  Highway  Research  Program 
(NCHRP)  managed  by  the  Transportation  Research 
Board.  The  FCP  is  a  carefully  selected  group  of  proj- 
ects that  uses  research  and  development  resources  to 
obtain  timely  solutions  to  urgent  national  highway 
engineering  problems.* 

The  diagonal  double  stripe  on  the  cover  of  this  report 
represents  a  highway  and  is  color-coded  to  identify 
the  FCP  category  that  the  report  falls  under.  A  red 
stripe  is  used  for  category  1,  dark  blue  for  category  2, 
light  blue  for  category  3,  brown  for  category  4,  gray 
for  category  5,  green  for  categories  6  and  7,  and  an 
orange  stripe  identifies  category  0. 

FCP  Category  Descriptions 

1.  Improved  Highway  Design  and  Operation 
for  Safety 

Safety  R&D  addresses  problems  associated  with 
the  responsibilities  of  the  FHWA  under  the 
Highway  Safety  Act  and  includes  investigation  of 
appropriate  design  standards,  roadside  hardware, 
signing,  and  physical  and  scientific  data  for  the 
formulation  of  improved  safety  regulations. 

2.  Reduction  of  Traffic  Congestion,  and 
Improved  Operational  Efficiency 

Traffic  R&D  is  concerned  with  increasing  the 
operational  efficiency  of  existing  highways  by 
advancing  technology,  by  improving  designs  for 
existing  as  well  as  new  facilities,  and  by  balancing 
the  demand-capacity  relationship  through  traffic 
management  techniques  such  as  bus  and  carpool 
preferential  treatment,  motorist  information,  and 
rerouting  of  traffic. 

3.  Environmental  Considerations  in  Highway 
Design,  Location,  Construction,  and  Opera- 
tion 

Environmental  R&D  is  directed  toward  identify- 
ing  and  evaluating  highway  elements  that  affect 


*  The  complete  seven-volume  official  statement  of  the  FCP  is  available  from 
the  National  Technical  Information  Service,  Springfield,  Va.  22161.  Single 
copies  of  the  introductory  volume  are  available  without  charge  from  Program 
Analysis  (HRD-3),  Offices  of  Research  and  Development,  Federal  Highway 
Administration,  Washington,  D.C.  20590. 


the  quality  of  the  human  environment.  The  goals 
are  reduction  of  adverse  highway  and  traffic 
impacts,  and  protection  and  enhancement  of  the 
environment. 

4.  Improved  Materials  Utilization  and 
Durability 

Materials  R&D  is  concerned  with  expanding  the 
knowledge  and  technology  of  materials  properties, 
using  available  natural  materials,  improving  struc- 
tural foundation  materials,  recycling  highway 
materials,  converting  industrial  wastes  into  useful 
highway  products,  developing  extender  or 
substitute  materials  for  those  in  short  supply,  and 
developing  more  rapid  and  reliable  testing 
procedures.  The  goals  are  lower  highway  con- 
struction costs  and  extended  maintenance-free 
operation. 

5.  Improved  Design  to  Reduce  Costs,  Extend 
Life  Expectancy,  and  Insure  Structural 
Safety 

Structural  R&D  is  concerned  with  furthering  the 
latest   technological  advances  in  structural  and 
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